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Koffein (1,3,7-Trimethylxanthin) und Coprostanol (5β-cholestan-3β-ol) wurden im 
Berliner Oberflächenwasser nachgewiesen. Ihre Konzentrationen korrelierten mit 
dem Verunreinigungsgrad der Proben, was nahelegt, dass sie sich als Marker für 
menschliche Aktivität eignen. Bemerkenswerterweise wurde Koffein in jeder 
einzelnen Oberflächenwasserprobe oberhalb der Bestimmungsgrenze von 0,025 
µg/L gefunden. 
Um Oberflächenwasserproben in größeren Serien zu untersuchen, war die 
Entwicklung zweier neuer Methoden erforderlich: ein Immunoassay, basierend auf 
einem monoklonalen Antikörper für Koffein und eine dispersive flüssig-flüssig 
Mikroextraktionsmethode (DLLME), gefolgt von Flüssigkeitschromatographie 
gekoppelt mit Tandem-Massenspektrometrie (LC-MS/MS) für Coprostanol. 
Der entwickelte Koffein-Immunoassay zeigt die beste je erhaltene Nachweisgrenze 
für Koffein (0,001 µg/L), erlaubt Hochdurchsatz-Analysen und erfordert keine 
Probenvorbereitung. Der Assay wurde auch erfolgreich für die Messung von Koffein 
in Getränken, Haarwaschmitteln, Koffeintabletten und menschlichem Speichel 
angewendet. 
Antikörper gegen Coprostanol sind nicht kommerziell erhältlich. Eine neue Strategie 
Anti-Coprostanol-Antikörper zu generieren wurde erarbeitet, die eine analoge 
Verbindung – Isolithocholsäure (ILA) – als Hapten verwendet, mit der eine Gruppe 
von Mäusen immunisiert wurde. Ein polyklonales Anti-ILA-Serum wurde produziert, 
welches Coprostanol bindet, aber die niedrige Affinität erlaubte nicht den Aufbau 
eines Immunoassays, der die Messung von Umweltkonzentrationen des Anayten 
(im Bereich ng/L) zulässt. Spezifische Anti-ILA-Immunglobuline G wurden auch in 
den Faeces der Mäuse gefunden. 
Coprostanol wurde in den Wasserproben durch die Verwendung einer 
neuentwickelten LC-MS/MS-Methode unter APCI-Ionisation (atmospheric pressure 
chemical ionisation) gemessen. Konzentrationen oberhalb von 0,1 µg/L wurden 
nach Voranreicherung der Probe mittels DLLME bestimmt. Diese 
Extraktionsmethode erwies sich auch als geeignet für die Anreicherung von 
Coprostanol-ähnlichen Verbindungen wie Cholesterol, Cholestanol, Cholestanon, 
Ergosterol und Stigmasterol. 
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Caffeine (1,3,7-trimethylxanthine) and coprostanol (5β-cholestan-3β-ol) were 
detected in samples of Berlin’s surface water. Their concentrations correlated with 
the contamination status of the samples, suggesting their usefulness as markers of 
human activity. Remarkably, caffeine concentrations were always well above the 
limit of quantitation of 0.025 µg/L. 
In order to screen surface water samples in larger series, the development of two 
novel methods was required: a monoclonal antibody-based immunoassay for 
caffeine and a dispersive liquid-liquid microextraction (DLLME) method, followed by 
liquid chromatography tandem mass spectrometry (LC-MS/MS) for coprostanol. 
The caffeine immunoassay developed shows the best analytical limit of detection 
(LOD) obtained so far for caffeine (0.001 µg/L), allows high-throughput analysis, 
and does not require sample pre-treatment. The assay was also successfully 
employed to measure caffeine in beverages, shampoos, caffeine tab-lets, and 
human saliva. 
Antibodies to coprostanol are not commercially available. A new strategy to 
generate anti-coprostanol antibodies was elaborated using an analogous com-
pound as hapten – isolithocholic acid (ILA) – and immunizing a group of mice. A 
polyclonal anti-ILA serum was produced, which binds coprostanol but the low 
affinity did not permit setting up an immunoassay to measure environmental 
concentrations of the analyte (in the range of ng/L).  
Specific anti-ILA immunoglobulin G were also found in the faeces of the immunized 
mice. 
Coprostanol was quantified in the water samples using a newly developed LC-
MS/MS method using atmospheric pressure chemical ionisation (APCI). 
Concentrations above 0.1 µg/L were determined after sample preconcentration 
using DLLME. This extraction method also proved to be successful for enrichment 
of coprostanol-related compounds such as cholesterol, cholestanol, cholestanone, 
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Abbreviations and acronyms 
Ab Antibody 
Ag Antigen 
APCI Atmospheric pressure chemical ionisation 
BALB/c Bagg Albino (inbred research mouse strain) 
BSA Bovine serum albumin 
CAS Chemical abstracts service 
CE Capillary electrophoresis 
13
C-NMR 13 Carbon nuclear magnetic resonance spectroscopy 
COP Coprostanol  
CV Coefficient of variation 
CZE Capillary zone electrophoresis 
DCC Dicyclohexylcarbodiimide 
DLLME Dispersive liquid-liquid microextraction  
DMF N,N-Dimethylformamide 
DMSO Dimethyl sulfoxide 
DOF Degrees of freedom  
DSC Differential Scanning Calorimetry  
e.g. Latin: exempli gratia (for example) 
EDTA Ethylenediaminetetraacetic acid 
EEA European Environment Agency 
EIA Enzyme immunoassay 
ELISA Enzyme-linked immunosorbent assay  
EMeA European Medicines Agency  
EMIT Enzyme modulated immunotest 
EPA  Environmental Protection Agency (U.S.A.)  
ESI Electrospray  
EU European Union 
Fab  Antigen-binding fragment 
Fc Crystalizable (constant) fragment  
FCS Fetal calf serum 
Fv Variable fragment  
GC-MS Gas chromatography-mass spectrometry  
H chain Heavy chain (immunoglobulin)  
HAT 
Hypoxantine, aminopterin and thymidine medium (Hyb 
selection medium)  
HILIC Hydrophilic Interaction Chromatography  
1
H-NMR Proton nuclear magnetic resonance spectroscopy 
HRP Horseradish peroxidase 
Hyb Hybridoma  
i.e.  Latin: id est. (that is) 
IA Immunoassay  
IC50 Inhibition concentration. Concentration that is required for 
50% inhibition in vitro 
IEF Isolelectric focusing 
Ig Immunoglobulin  
ILA Isolithocholic acid  
L chain Light chain (immunoglobulin)  
LA Lithocholic acid 
LC-MS/MS  Liquid chromatography-tandem-mass spectrometer  
LDC Limiting dilution cloning  
LLE Liquid-liquid extraction  
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MAb Monoclonal antibody 
MALDI Matrix-assisted laser desorption ionisation 
NHS N-hydroxysuccinimide ester  
NSB  Non-specific binding 
o/n Over night  
OD Optical density 
OVA Ovalbumin, albumin from egg-white 
OWCs Organic wastewater contaminants  
PAb Polyclonal antibody 
PBS  Phosphate buffered saline 
PEG Polyethylene glycol 
PPCPs Pharmaceutical and personal care products 
QC Quality control 
RIA  Radioimmunoassay  
RSD Relative standard deviation 
RT Room temperature, 20°C 
SD Standard deviation 
SPE Solid phase extraction 
SPME Solid phase microextraction 
STP Sewage treatment plant  
STW Sewage treatment works – same as STP 
TBS Tris buffered saline 
TMB 3,3’,5,5’-tetramethylbenzidine 
TOF/MS Time-of-flight mass spectrometry 
USGS United States Geological Survey  
vs. Latin: versus (against, turned) 
WFD Water framework directive 
WTP Water treatment plant  





1. Introduction  
 
“The history of men is reflected in the history of sewers (…) it has been a sepulchre, 
it has served as asylum, crime, cleverness, social protest, the liberty of conscience, 
thought, theft, all that the human law persecute or have persecuted is hidden in that 
hole” 
Victor Hugo, Les Misérables, 1892 
 
1.1. Pharmaceuticals in surface water 
1.1.1. Brief historical review  
Civilizations have always formed around water supplies. The importance of water 
quality for drinking and other purposes was clear to our ancestors, although an 
understanding of water quality had neither been well known nor documented.[1] One 
of the first written recommendations in the field of water treatment dates from 
approximately 4000 B.C., with text in Sanskrit and Greek advising filtration through 
charcoal, sunlight exposure, boiling and straining.[2] At that time, visible turbidity 
was the treatment driving force since many waters contained particulates which 
imposed an objectionable taste and appearance to water. 
Several improvements in water treatment have been made through the centuries 
until the early 1800s, when slow sand filtration began to be used regularly in 
Europe.[2,3] The turn of the 18th to the 19th century represented a major breakthrough 
for humankind – the industrial revolution. Major changes in agriculture, 
manufacturing, mining, transport, health and technology had a profound effect on 
the peoples’ life, mainly in Europe and North America. The concentration of 
population in and around the cities brought about major progresses in water 
supplies, waterborne diseases awareness and water treatment. The London 
cholera outbreaks in 1831, 1848 and 1854 represent the starting point for enormous 
changes in water treatment technology and water distribution improvements.[4] The 
inhabitants of the Victorian London were supplied by water pumped out from 
different locations of the Thames.[5] It took more than 10 years until the 
epidemiologist John Snow was able to correlate the number of cholera cases with 
some particular pumps, like the famous one in Broad Street (currently Broadwick 
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Street), which was responsible for the most deaths during the 1853 outbreak.[5,6] 
Snow could thus demonstrate that cholera was being spread through contaminated 
water collected from locations on the Thames’ river banks where wastewater was 
being discharged upstream. Ten thousand people died[7] and many others left 
London, which provoked a wave of panic described by the German poet Heinrich 
Heine from Paris during the 1831-32 epidemics: “It was as if the end of the world 
had come. The people fell on the victims like beasts, like maniacs.”[8,9] 
It was then clear that a waterborne organism was the cause of such mortality and 
that water treatment needed to be improved far beyond the good taste, good 
appearance and visible characteristics. The widespread use of the microscope and 
the “germ theory” of Louis Pasteur (~1880s), which explained how microscopic 
organisms could transmit diseases through water, opened the way to the use of 
disinfectants such as chlorine.[3] Turbidity was no longer an exclusive aesthetic 
problem: particles in source water, such as faecal matter, could harbour pathogens. 
Additionally to sand filtration, chlorination started to be used in the early 1900s in 
Europe and in the USA.[1] The concerns about drinking water quality during the 
early twentieth century were mostly focused on disease-causing microorganisms in 
water systems and disinfection methods using chlorine and ozone.[2] Disinfectants 
have been largely applied ever since to prevent the distribution of diseases and to 
improve water quality. 
Combining filtration with chlorine, which supposedly eliminated waterborne enteric 
disease, had an unfortunate consequence: the quality of the water source was 
something of less importance, succumbing to the expedient of developing lower-
cost polluted river sources and providing thereafter filtration and chlorination. Most 
industrial cities at that time started to pump out water from the nearby water 
sources, despite having better-quality options within a reasonable distance, though 
at higher costs.[10] As microorganisms causing enteric disease were under control 
and cancer as well as reproductive dysfunction were not well-known and 
understood, major concerns regarding water quality lay dormant until the chemical 
revolution.  
The technical improvements during World War II brought about a chemical 
revolution: thousands of synthetic organic compounds were designed with the aim 
to be toxic to biota but also long lasting after their application. The fact that these 
compounds could reach environmental waters was at that time unknown and had 
been slowly recognised.[10]  
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The discovery of the insecticidal effect of DDT (dichlorodiphenyltrichloroethane) by 
Paul H. Müller in 1939, marks the beginning of the modern chemical industrial 
revolution and a turning point in public health, agriculture and (later recognised) 
environmental sciences.[11] The immediate success of DDT in controlling typhus, 
malaria and yellow fever during World War II was a stunning example of what 
humans could exercise over disease. Malaria alone claimed more than 50 million 
lives during the first half of the twentieth century. Synthetic pesticides became a 
symbol of progress during the post-war years and provided a level of control over 
environmental risk. Their benefits were easily recognised by the number of lives 
saved, the crop yields increase, the soil loss decrease and the economic growth.[11] 
Their setbacks were only disclosed years later after another revolution in chemistry: 
the analytical one. 
 
"To only a few chemicals does man owe as great a debt as to DDT... In little more than two 
decades, DDT has prevented 50 million human deaths due to malaria, that otherwise would 
have been inevitable."  
National Academy of Sciences (USA), Committee on Research in the Life Sciences, 1970 
 
The commercialisation of HPLC and GC instruments in the 1960s and 1970s was 
the decisive contribution to identifying some synthetic compounds like pesticides 
and the disinfection by-products resulting from water treatment.[12] 
The pioneer works of the botanist Mikhail Tsvet (also known as Tswett) in the 
beginning of the 20th century founded the basis of what is known nowadays as 
liquid chromatography.[13,14] It took more than 60 years until the first commercial 
instrumentation was presented to the scientific community during the 5th 
Symposium on “Advances in Chromatography” (Miami, 1969).[12] Two years later, 
the first book on HPLC was published by Wiley[15] and the 1970s witnessed a 
milestone in analytical separation and the beginning of a successful story – the 
widespread use of HPLC.  
Gas chromatography (GC) has a similar story.[16] Albeit that the first experiments 
with GC had been already performed in the 1950s (James and Martin, 1954),[17] 
only in the late 1970s the first insights on disinfection by-products in treated drinking 
water came to light.[18] Achievements have been done ever since until the rather 
recent recognitions of their hazard to human health,[19,20] their effects on abortion[21] 
and fertility.[22] 
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“An essential condition for a fruitful research is to have at one’s disposal a satisfactory 
technique. Any scientific progress is progress in the method.” 




The last documented revolution was the sociological one. The 1960s was the 
decade of the rock’ n’ roll affirmation, the sexual revolution, the birth control pill and 
the articles by the American marine zoologist Rachel Carson. First published in an 
article of the New Yorker in June 1962,[23] Silent Spring rang the bell about the 
impact of DDT on human health and the environment. Published as a book the 
same year, Silent Spring[24] was a bestseller at the time and it is still a mandatory 
book for environmental scientists. It brought environmental questions to the public 
agenda, gave the forewarning in global warming, led to the ban of DDT in the USA 
and made Rachel Carson an environmental icon. The beginning of an intense 
research field had just been started – the fate of pesticides residues in the 
environment. 
 
“Can anyone believe it is possible to lay down such a barrage of poisons on the surface of 
the earth without making it unfit for all life? They should not be called insecticides but 
biocides.” (About the DDT spraying). 




The recognition of the impact of the birth control pill (containing estrogens) as well 
as other pharmaceuticals on the environment only started in the early 1980s. This 
story began when grossly hermaphrodite (intersex) fish were found in the 
settlement lagoons of two sewage treatment plants (STPs) in England (unpublished 
observations).[25] These settlement lagoons were receiving effluent from a major 
STP, prior to entering a river, thus suggesting that exposure to effluents could have 
profound effects on fish. It was later shown that STP effluent was estrogenic to 
fish.[26] These observations initiated a new research field in the 1980s about the 
effects of effluents in sex determination and partial or complete sex change in 
aquatic organisms.[25,27] Androgenic activity of effluents was firstly observed by 
Howell et al. in Florida mosquitofish (Gambusia affinis) in the late 1970s.[28,29] They 
observed that all female fish were strongly masculinised, displaying both physical 
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secondary character and reproductive behaviour of males. The effluent was from a 
paper mill and only 20 years later, laboratory studies showed – using an androgen-
dependent bioassay – that exposure to paper mill effluents induced androgenic 
activity.[30] Yet, the compound or mixture of compounds responsible for this 
androgenic activity still remains unknown.[31] 
From the first observation of imposex in molluscs attributed to the aquatic 
environmental contamination (caused by tributyltin) in 1970[25] until the observations 
of alligators feminisation in some lakes in Florida,[32] 30 years of research were 
invested. 
 
“All females are strongly masculinised, displaying both physical secondary sex characters 
and reproductive behavior of males. Males exhibit precocious development of physical sex 
characters and reproductive behavior. This constitutes the first report of possible 
environmental-induced masculinization involving a total natural population of vertebrates” 




The detection of salicylic acid and fibric acid (a metabolite of several lipid regulating 
agents) in Kansas city in 1977 showed that pharmaceuticals and their residues 
could be found in municipal sewage treatment plant (STP).[33] But evidence that 
they could reach the aquatic environment only started to be given in the beginning 
of the 1980s with the investigations conducted by the UK Water Research Centre 
and the Thames Water Authority.[34,35] Even though the exact concentrations were 
never mentioned, the studies revealed that drugs were present in surface waters in 
concentrations up to 1 µg/L.  
Finally, in 1996 Thomas Heberer and co-workers from the TU Berlin presented in 
Vienna[36] the conclusion of their studies on surface and groundwater in Berlin: they 
found several pharmaceutical residues up to 1.9 µg/L (being diclofenac, ibuprofen, 
propiphenazone and clofibric acid the most frequently detected ones). They 
analysed 30 representative surface waters from rivers, lakes and channels in Berlin 
and a few groundwater samples used for drinking water production, where some 
polar pharmaceutical residues were also found.[36,37]  
Almost simultaneously – the investigation was performed between 1995 and 1997 – 
Thomas Ternes studied the occurrence of 32 drug residues (less than 1% of the 
pharmaceuticals approved for human medical treatment in Germany at that time) 
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from different pharmacotherapeutic groups, as well as some metabolites in German 
municipal STP discharges, rivers and stream waters.[38] His data showed that STP 
were unable to efficiently remove some of these compounds, having found 
concentrations in the ng/L range in surface waters but in some cases reaching 3 
mg/L (bezafibrate). The stability of some pharmaceuticals, their metabolites and 
also conjugation products (from phase II metabolism), was shown and a new race 
in environmental chemistry had just started – the search for pharmaceuticals in 
environmental waters.  
Albeit several groups were conducting research in the field of pharmaceutical 
residues at that time, it was the study from the United States Geological Survey 
(USGS), published in 2002,[39] that gave the alert and boosted this new research 
field. The study from Kolpin et al. showed for the very first time the ubiquitous 
presence of 95 organic wastewater contaminants (OWCs), including 
pharmaceutical residues, in 80% of the 139 water streams, across 30 American 
states (Figure 1), sampled during 1999 and 2000.  
The most frequently detected compounds were coprostanol (faecal steroid), 
cholesterol (plant and animal steroid), N,N-diethyltoluamide (insect repellent), 
caffeine (stimulant), triclosan (antimicrobial disinfectant), tri(2-chloroethyl)phosphate 
(fire retardant), and 4-nonylphenol (non-ionic detergent metabolite). Caffeine was 
detected in 62% of the samples with concentrations ranging from 0.015 µg/L to 6.0 
µg/L (average concentration: 0.081 µg/L); and coprostanol in 85% with 
concentrations ranging from 0.005 µg/L to 150 µg/L, (average concentration: 0.088 
µg/L). 
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Figure 1. Location of the 139 stream sampling spots used in the USGS study, published in 





“The primary objective of this study is to provide the first nationwide reconnaissance of the 
occurrence of a broad suite of 95 OWCs, including many compounds of emerging 
environmental concern across the United States” 




A major conclusion from the USGS study was that almost no data were available 
concerning pharmaceuticals metabolites to fully understand the fate and transport 
of OWCs in the hydrologic system as well as their ultimate overall effect on human 
health and the ecosystem. Ever since, the number of publications covering the 
presence of pharmaceuticals and their metabolites has increased sharply as 
displayed in Figure 2.  
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Figure 2. Number of publication per year (1980-2009) when searching the on-line database 
ISI Web of Knowledge
[40]
 for “pesticides in water” (doted line) and “pharmaceuticals in water 
(bold line). The arrows represent an exponential increment in the publications number when 
compared to the previous year: 1991 (+450% publication in pesticides) and 2002 (+75% 




It did not take a long time until pharmaceuticals and personal care products 
(PPCPs) were detected in drinking waters all over the world: Germany,[41-43] South 
Korea,[44] USA,[45,46] Australia,[47] Japan,[48] Italy,[49]Thailand[50] and many others.  
 
The reason why research concerning the detection of pharmaceuticals in water 
samples did not follow the trend of the research on pesticides is because the 
scientific community and regulators realised very soon the problems they would 
face and maybe we all have learned some lessons from the past. Closing the pump 
like during the cholera outbreaks is not possible this time and banning some 
pharmaceuticals based on ecological data will raise other question, i.e. it will be 
very difficult, for example, to withdraw the efficient anti-tumour drug cisplatin from 
the market based on some still unconvincing ecological data.[51-53] Additionally, the 
number of molecules used in human and animal’s therapeutics surpasses by some 
thousands the number of pesticides in use. 
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1.1.2. Analytical challenge and regulations  
Currently, Germany has about 50,000 drugs registered just for human use, 2700 of 
which represent 90% of the total consumption (900 different active 
substances).[54,55] Are analytical chemists able to develop methods for all these 
compounds and their metabolites? It is certainly feasible. Are environmental 
toxicologists able to provide data about the impact of these substances, metabolites 
and conjugates on the ecosystems? Maybe… Are epidemiologists able to show the 
impact of these compounds and the synergistic effect of their mixtures in human 
health? It would certainly take a large effort in terms of money, time and manpower 
to accomplish such tasks and to produce consistent data.  
If Queen Victoria had waited until Vibrio cholerae had been identified as the cause 
of the deaths during the London cholera epidemic, thousands of more human lives 
would have been lost. Indeed, as soon as the contaminated pumps were identified, 
she demanded their immediate closing, a kind of measure that cannot be taken with 
pharmaceutical residues. 
The European Union, which is leading the process in term of legislation, released in 
2006 an important guideline asking for environmental risk assessment (ERA) 
studies for every new medical product designed for human use.[56] Pharmaceutical 
companies submitting a new marketing authorisation application to the European 
Agency for Medicines (EMeA), now have to provide an environmental risk 
assessment report. Nonetheless, thousands of compounds already present on the 
market are not affected by this regulation. 
Most EU countries are simply performing the minimum required risk assessments, 
but some have gone further. With the program STARTa, Germany has brought 
together pharmaceutical companies, researchers, politicians and others in order to 
explore ways to reduce contamination of waterways.[57,58] In an effort to reduce 
pharmaceutical impact on the environmental, Sweden created a database for 
physicians where pharmacologically active substances are classified according to 
their potential environmental hazards. At the moment of prescribing a treatment to 
their patients, Swedish physicians can select a “greener” alternative – when 
available – with similar pharmacological effect.[59] 
                                                 
a
 START - Strategien zum Umgang mit Arzneimittelwirkstoffen in Trinkwasser. 
             (Management Strategies for Pharmaceutical Residues in Drinking Water) 
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Additional measures were proposed by Ternes from the German Federal Institute of 
Hydrology (BfG) and Joss and Siegrist from the Swiss Federal Institute for 
Environmental Science and Technology (Eawag).[60] They proposed four measures 
including for example the separation of hospital wastewater systems from the 
domestic ones, and a separate system for collecting the urine[61] – as most of 
pharmaceutical residues are excreted via urine. They concluded however that such 
measures require strong political decisions, acceptance from the population, money 
for new infrastructure, and decades to be implemented. 
In the meantime, other solutions are needed to tackle the problem posed by PPCPs 
in environmental waters: 
1) Selection of specific PPCPs for the water monitoring programs;[62,63]  
2) Computer-based modelling for environmental fate prediction;[57,63-66]  
3) Use of chemical markers from human, hospital and pharmaceutical 
industry wastewater input in waters.[67-70]  
Using source-specific chemical markers presents some advantages over the two 
other options. Computer-based modelling, although very useful, only allows for 
environmental predictions based on known, sometimes very old, information 
regarding the physico-chemical properties of the compounds and their metabolism 
in humans, animals, and in vitro experiments. These models also assume that 
similar substances would have similar effects on the environment, which is not 
always true.[71] And similarity is a very imprecise concept in ecotoxicology. In brief, 
several risky assumptions have to be made prior to use modelling programs, like 
the following ones[65]: metabolism or breakdown of the drug within humans or the 
sewage system do not occur; an average 10-fold dilution of sewage effluent in river 
water, pharmaceuticals do not adsorb to organic or inorganic colloidal material or 
bacterial biomass in STPs or natural waters.  
Selecting specific PPCPs for the water monitoring programs is proposed by many 
authors[62,63] but, also here some issues are of concern and questions need to be 
answered. Which PPCPs should be monitored? The most frequently detected 
ones? The most concentrated ones? The less biodegradable ones? The most 
toxic? And toxic to whom, the ecosystem or to humans?  
Drugs such as diclofenac (anti-inflammatory), ibuprofen (anti-inflammatory), 
carbamazepine (anti-epileptic), clofibic acid (metabolite of several blood lipid 
regulators) are present in quantifiable concentrations (ng/L to the µg/L range). 
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Others such as cyclophosphamide and cisplatin (cytostatic agents), being very toxic 
and passing unchanged through the STPs, are mostly undetected in the 
environment due to their low concentrations.[62]  
An additional drawback of this option is how to launch a future European regulation 
for the entire EU: while in Germany 900 compounds represent 90% of the market, 
the UK has about 3000.[54,55] And consumption patterns, even for the same 
molecule, are different. Nimesulide, an anti-inflammatory drug that has been 
present on the market for 25 years is a good example for a comparison at the 
European level. Even though the polemic regarding fatal liver damage is still going 
on, nimesulide was already withdrawn from the market in Sweden, Ireland and 
Germany. But it remains available in most EU countries and Switzerland, and the 
European Agency of Medicines released a communiqué in 2007 and again in 2009 
supporting the use of nimesulide.[72,73] It is true that nimesulide cannot be purchased 
from a neighbourhood pharmacy in Germany, but it can quickly be bought over the 
internet.  
By the facts exposed, it is easily comprehensible why the EU did not hitherto 
include any pharmaceutical in the list of priority substances[74] appended to the 
Water Framework Directive of 2000.[75] An agreement on which substances should 
be included in it is likely to take some years. 
Source-specific chemical markers have been suggested for tracking OWCs in 
natural waters, including PPCPs.[76-81] They have even been proposed as a more 
reliable alternative to microbiological indicators.[82-85] Indeed, once released in rivers 
with strong anthropogenic activity impact, like the Seine for example, 
microbiological indicators disappeared relatively rapidly due to mortality (protozoan 
grazing, lysis) or loss of cultivability induced by stress conditions (sunlight effect, 
nutrient concentration, temperature).[83] Chemical markers offer in addition to 
stability, and what is maybe their biggest advantage over biological indicators, a 
shorter analysis time when compared with the typical microbiology culturing 
techniques, which can take between 18 to 96 h.[86] Caffeine[67] and coprostanol[87-89] 
are two of these chemical markers and were the ones selected for this PhD project 
and thus discussed in detail in the next pages.  
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1.2. Caffeine and coprostanol as anthropogenic markers 
for pharmaceuticals input in environmental water 
1.2.1. Caffeine and coprostanol as markers  
Caffeine (1,3,7-trimethylxanthine) is the most widely used psychoactive substance 
in the world today.[90] It can be found in a variety of sources, the most well-known 
being coffee, tea, cocoa, soft-drinks, energy drinks, pills and chocolate.[91-93] 
Nowadays, it can also be met in beers, shampoos, anti-headache formulations,[92] 
seawater[94], surface water,[67] drinking water,[46] and rainwater.[95]  
 
The high consumption of caffeine by most of the 
world’s nations, especially in urban areas, lead to 
caffeine becoming an environmental marker of 
human contamination.[67,68,82,96,97] The presence of 
caffeine and elevated nitrate concentrations has 
been shown to be associated with anthropogenic 
input around population centres,[98] whereas some 
bacterial indicators did not correlate to these 
chemical indicators and appeared to have non-human sources.[67,82] Furthermore, 
its presence in urban areas was linked to faecal coliform abundance[84,96] and some 
authors have been suggesting the use of caffeine as an indicator for drinking and 
recreational water quality since the use of bacterial indicators requires a time-
consuming culture test.[82] 
In the past decade, the identification of pharmaceuticals in surface,[38,99,100] 
ground[101] and drinking water[37,49,99] raised attention from the environmental 
chemistry community and it was a reminder that people’s drinking water was once 
another community’s wastewater.[102] The USGS study conducted to evaluate the 
presence of these compounds[39] exposed two important facts: the presence of 
several pharmaceuticals in watersheds is widespread; and the difficulties that 
laboratories and national agencies responsible for water quality would face if they 
intended to monitor thousands of these active substances in a water body. Caffeine 
was found in most of the studies where pharmaceuticals were monitored: in 
wastewater effluents,[68,103-106] surface waters,[107,108] groundwater,[98,109] drinking 
water,[110] alpine mountain spring water, rainwater,[49] untreated[46] and treated 
Figure 3. Caffeine                  
(1,3,7-trimethylxanthine).  
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drinking water.[49] Consequently, caffeine seems to be a serious candidate to 







Opposite to caffeine, the use of coprostanol (5β-cholestan-3β-ol) as a marker of 
anthropogenic contamination is not newfangled.[76,111,112] It has been in use since 
the 1960s[113] mainly to access human input in marine and coastal waters,[77,112,114] 
extreme conditions making it difficult to use bacterial growth as contamination 
marker.  
Recently, it has been revived as a marker for OWC due to some restriction in using 
faecal bacteria indicators. Because the ecological and survival characteristics of 
bacterial, viral and parasitic pathogens vary under environmental conditions, the 
use of faecal indicators such as coprostanol is an uprising alternative.[82,83,113,115] 
Like caffeine, coprostanol is a source specific indicator but not exclusive for 
humans. As a product of the cholesterol metabolism in mammals,[116,117] coprostanol 
also allows to track cattle farming in receiving waters.[79,88,118] The combined use of 
caffeine and coprostanol could be useful to distinguish between solely human from 
mammals’ input into the waters.  
Cholesterol is a widespread sterol in nature and its presence in waters does not 
necessarily mean contamination.[119] Only its faecal metabolite coprostanol, which is 
a result of enzymatic conversion by some bacterial microflora exclusively present in 
mammals gut does.[116]  
 
Figure 4. Coprostanol (5β-cholestan-3β-ol). 
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Figure 5. Cholesterol (5-cholesten-3β-ol). 
 
1.2.2. Analytical methods to quantify caffeine – state of 
the art  
Several methods have been proposed to detect and quantify caffeine, mostly in 
beverages: capillary zone electrophoresis,[120] gas chromatography coupled with 
mass spectrometry[121,122] or nitrogen-phosphorous detector,[123] liquid 
chromatography with UV detection[124] or mass spectrometric detection,[125] Fourier 
transform infrared spectrometry,[126] solid-phase Fourier transform–Raman 
spectrometry,[127] solid-phase ultraviolet sensing,[128] square-wave 
voltammetry[129,130] and a caffeine selective electrode.[131] The major concern seems 
to be matrix effects and therefore almost all of the described methods make use of 
sample preparation techniques with different degrees of complexity, associated 
costs and time requirement. It seems that an Enzyme-Linked Immunosorbent 
Assay (ELISA) has never been proposed to quantify caffeine in water samples 
without requiring any previous clean-up or extraction step.  
For water samples, achieving low limits of detection seems to be the driving force 
when an analytical method is being developed. Solid-phase extraction (SPE) 
followed by liquid chromatography tandem-mass spectrometry[39,44,104,125,132-134] or 
gas chromatography[68,84] are the most widely used methods to determine caffeine 
in water samples. The limits of detection achieved are in the order of 0.002 µg/L, 
when an enrichment factor of 1000 is used for pre-concentration of the samples.[67]  
A radioimmunoassay was developed in the 1970s to measure caffeine in plasma 
and saliva in concentrations higher than 25 µg/L.[135] An automated enzyme 
immunoassay (EMIT) became commercially available in the 1980s (from Syva) and 
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showed a cross-reactivity of 28% of paraxanthine (caffeine’s main metabolite) in the 
range 0.5-155 mg/L.[136] Despite the high cross-reactivity, the assay seemed to be 
suitable for clinical purposes and the results correlated well with those obtained by 
HPLC in the mg/L range tested.[136,137] Some other assays have been developed 
ever since but all of them aimed at biological samples containing microgram to 
milligram per litre of caffeine.[138-141]  
In the present work, a new immunoassay for caffeine is described using a 
commercially available antibody selected from one polyclonal and two monoclonal 
antibodies, and a de novo synthesised enzyme tracer.  
The reference SPE-LC-MS/MS method for caffeine is just briefly described (6.7 - 
Reference method for caffeine, page 83) as it brings no major improvements to 
published works.[44,134,142,143] 
 
1.2.3. The stanols analytical challenge  
Coprostanol and related stanols are analytically challenging when compared to 
caffeine and related xanthines. They are non-polar, do not absorb in the UV/Vis 
range, lack fluorophore groups as well as easily ionisable ones required for ESI 
mass spectrometry (MS) detection. 
 
 









Figure 6. Chemical structures of the sterols, stanols and bile acids referred to within 
this thesis. 
Compound R1 (C3) R2 (C5) R3 (C17) 




β - OH 
 
β - H 
 





α - OH 
 
β - H 
β – R3a - 
Cholesterol β - OH - β – R3a C5 – C6 
Ergosterol β - OH - β – R3b 
C5 – C6 
C7 – C8 
C22 – C23 
Stigmasterol β - OH - β – R3c 
C5 – C6 
C22 – C23 
Isolithocholic acid β - OH β - H β – R3d - 
Lithocholic acid α - OH β - H β – R3d - 
Cholestanone O β - H β – R3a - 
Cholestan H β - H β – R3a - 
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The most used instrumental technique for analysing faecal sterols in environmental 
waters,[144-146] animal faeces,[88] soils,[147] food materials,[148,149] and sewage[144,150] is 
still gas chromatography (GC) with mass detection (MS).[88,144,147,149-151] Flame 
ionisation detection (FID)[149] and electron-capture detection[152] have also been 
successfully applied.  In all cases, a derivatization of the hydroxyl groups of the 
analytes to their respective trimethylsilyl (TMS) esters is compulsory. In order to 
achieve µg/L detection level, an extraction step is additionally required to pre-
concentrate the analytes,[145] making the entire procedure very laborious and time-
consuming, e.g. sometimes taking more than 24h to analyse a sample.[153]  
Several extraction methods have been reported including supercritical fluid 
extraction,[152] sonication assisted extraction,[153] Soxhlet extraction,[154] liquid–liquid 
extraction (LLE),[88,144,149,155] solid phase extraction (SPE),[148,156] and even recently 
(2010) in-tube solid-phase microextraction (IT-SPME).[145]   
The analytical options for coprostanol offered by the literature are poor. This fact 
seems to be related with the field of application of the methods: food 
chemistry,[148,149] biological samples like animal faeces[88] and sewage 
analysis.[144,150] Sensitivity was therefore not an issue as very high concentrations of 
coprostanol were always present. 
Contrary to caffeine, it is very difficult to assert a detection range for coprostanol by 
analysing the literature. It seems plausible that an instrumental limit of detection 
(without extraction) around 1 mg/L is achievable.[149] Methods’ detection limits 
between 0.2 µg/L[149]  and 1 µg/L in water samples have been reported[144] after 
sample pre-concentration. The literature is confusing regarding the way authors 
claim their limit of detection (LOD), an example is an extremely low detection limit of 
2 ng/L after liquid-liquid extraction of surface water samples (10,000-fold 
concentration) with dichloromethane.[151] The limit of detection is also presented as 
being the same for several compounds analysed (including coprostanol, 
testosterone, estrone and estradiol-17β), determined by using 3 injections, by GC-
MS and coprostanol was not derivatized. 
One of the first HPLC methods reported for coprostanol, using a C18 column, goes 
back to year 2000.[156] It suggested a less laborious derivatization technique to allow 
its detection as coprostanyl-p-nitrobenzoate using a diode array detector (DAD) but 
does not mention a limit of detection. A chromatogram showing a feeble peak was 
however presented, obtained after injecting 25 µL of 200 mg/L coprostanol, but a 
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signal scale is absent, thus not allowing a proper judgment of the method 
sensitivity.  
An LC-APCI-MS/MS method was published in 2007[148] for phytosterols separation 
in food samples after supercritical carbon dioxide extraction. Coprostanol was not 
measured but its isomer cholestanol was determined with a reported LOD of 0.13 
mg/L and LOQ of 0.37 mg/L based on the peak signal-to-noise ratio of 3 and 10, 
respectively.  
Currently available methodologies involve derivatization of the compound and 
several enrichment steps, which are time-consuming, expensive, and increase 
uncertainty in the final result due to multiple manipulations of the sample.  
A demand needs to be met for reliable, highly precise and cost-efficient analytical 
methods to measure coprostanol in surface waters and other environmental 
matrices.  
 
1.3. Immunochemical methods in Environmental 
Chemistry 
Immunochemical methods encompass a series of analytical tools from the pioneer 
Radioimmunoassay (RIA)[157] to modern immunosensors[158,159] passing through the 
Enzyme-linked immunosorbent assay (ELISA).[160] The discussion is here restricted 
to ELISA with a focus on environmental chemistry and hapten-based assays. As 
several textbooks are available and good reviews on the state of the art 
exist,[158,161,162] only a summary of the technique is presented below (1.3.1, page 
36). Yet, some considerations regarding immunization, antibody production and 
hybridoma screening methods for coprostanol are discussed in detail as this 
background is required to interpret the results. 
 
1.3.1. Enzyme-linked immunosorbent assay (ELISA) at 
a glance 
Immunoassays are based on the binding properties of antibodies (Abs) with 
antigens (Ags). The Ab-Ag interaction is reversible, as determined by the law of 
mass action, and is based on electrostatic forces, hydrogen bonding, hydrophobic, 
and van der Waals Forces.[163] The most commonly used type of antibody in 
immunoassays is the immunoglobulin G (IgG). 
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Enzyme-based immunoassays (EIA) offer numerous advantages over other 
immunotechniques because their signal is amplified by forming a large number of 
product molecules. They are widely used for environmental purposes, especially 
those based on heterogeneous conditions, such as ELISA.[163,164] The most 
commonly used enzymes for producing the tracer are horseradish peroxidase 
(HRP) and alkaline phosphase (AP).[163] 
ELISAs may be carried out by using different formats, being competitive assays the 
most frequently used in environmental chemistry.[165,166] They can be performed in 
different ways, such as the analyte and the enzyme tracer competing for a limited 
number of antibody binding sites (direct), or the analyte and the immobilised ligand 
(analyte coupled to a protein) competing for a limited number of binding sites 
(indirect).[164] For competitive ELISA, the higher the analyte concentration in the 
sample, the weaker will be the observed signal. In the direct assay the analyte is 
coupled to the enzyme (tracer) while in the indirect one, a secondary antibody (anti-
IgG) is usually labelled with the enzyme and binds to the analyte-binding antibody 
(immobilised). Figure 7 illustrates the two formats used within this thesis. 
Many different materials can be used as support for the antibodies/antigens, from 
96-wells microtitre plates[167] and aminosilane slides[168] to compact discs (CDs).[169] 
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Figure 7. Competitive ELISA formats, direct (left) and indirect (right), used in this thesis. The 
reservoir (squared-like shape) represents a microtitre plate well.  
 
Step 3 
Direct  Indirect  
Anti-IgG IgG 
Anti-Hapten IgG 
Anti-IgG IgG coupled 
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The anti-hapten IgG (Figure 7) in the direct form can also be immobilised directly on 
the microtitre plate surface, as it was the case of the polyclonal anti-caffeine ELISA 
presented in this work. Monoclonal antibodies (mAbs) however bind only weakly to 
the surface and thus the plate is usually coated with an anti-IgG immunoglobulin 
(coating antibody or secondary antibody).[163] Assays with mAbs do not necessarily 
require a secondary antibody. However, when they are used, a lower concentration 
of the mAb is then needed, lowering the overall analytical costs.  
 
1.3.2. ELISA – state of the art 
The claim for the development of immunoassays (IAs) comes from two research 
groups: the first one was developing an immunoassay for insulin (Yalow and 
Berson, 1970)[157] while the second group was working on a binding assay to 
thyroxine in human plasma (Ekins, 1970).[170] Only the work of Yalow and 
Berson[157] is normally credited for IAs development, probably because Ekins[170] 
used a thyroxine binding protein (naturally occurring) instead of an antibody.  
Both assays, designed for clinical applications, made use of radiolabelling 
(Radioimmunoassay, RIA). It took approximately 10 years until Enzyme labelling 
assays were proposed (EIA).[171] Clinical and medical chemistry are still today the 
major application fields for IAs, as a brief search on ISI Web of knowledge[40] by 
looking for the keywords “immunoassay” or “ELISA” for the period 2000-2010 
showed. 
 





 of November 2010. The keywords “Immunoassay” or “ELISA” were used for the 
search covering the last decade (2000-2010). 
Research field  
N. of 
Publications 
% of the 
total 
Clinical and Medical   54817 79 
Chemistry multidisciplinary  (incl. analytical) 9239 13 
Environmental sciences and Agriculture 2177 4 
Physical-Chemistry, Biophysics and Material Sciences 1710 3 
Food and plants science 1704 3 
 
Although the analysis was not extensive and details are not given here, it is certain 
that IAs are still mostly used for clinical purposes. Environmental and food 
chemistry applications seemed to be driven by compounds such as 
pesticides,[164,172,173] estrogens,[174,175] and toxins.[176] IAs were successfully used in 
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the past[177,178] to detect pesticides and estrogens and are still being developed and 
proposed today.[179,180] 
High antibody cross-reactivities, which discouraged the commercial use of IA in the 
past,  are being advantageously used today to detect multiple analytes as well as 
structurally related compounds using a single assay.[164,181,182] This is particularly 
interesting in the case of pharmaceutical products and their related metabolites in 
waters, some of them being still unknown.[181,182] 
Another issue in setting pesticide immunoassays was the relatively small offer of 
commercial antibodies.[158,183,184] Most environmental chemists had to produce their 
own antibodies (Abs), which represents a laborious and costly process that often 
involved external partners, since animal breeders and cell-culture facilities are 
usually unavailable in environmental chemistry labs. On the contrary, antibodies for 
pharmaceutical products are widely available thanks to their previous use in clinical 
chemistry, e.g. for the monitoring of active substances and metabolites in biological 
fluids. This was for example the case for numerous pharmaceutical products like 
diclofenac,[185] ibuprofen,[159] sulphonamides,[186] carbamazepine,[160] and now 
caffeine,[167] that were quantified in different environmental waters in the ng/L range 
using ELISA. 
As the bottleneck caused by the availability of suitable antibodies is widening and 
since an increasing number of universities and companies are now able to produce 
antibodies for small molecules (haptens),[184] immunochemistry is evolving to set 
multianalyte assays (multiplex),[187,188] on-line systems,[158,189] portable devices to be 
used in the field[190] and more sensitive detection methods.[158,180,191]  
 
Contrary to caffeine, coprostanol does not possess the typical features to be an 
easy candidate for the development of an immunoassay. First of all, there is no 
available antibody for coprostanol – or related compounds – in the market. 
Coprostanol is nonpolar, has a low solubility in water[192,193] and it lacks groups 
believed to be important for the interaction analyte-antibody, e.g. amines and 
carbonyls.[163] A gap of available antibodies for coprostanol, and related stanols, is 
thus the main obstacle for developing immunochemical-based methods for these 
compounds. 
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1.3.3. Antibody production  
A description of the murine immune system is too complex to be encompassed 
here. Nevertheless, some key concepts are necessary to understand the 
technology behind antibody production. The most important ones are briefly 
reviewed in the following pages, with a focus on immunochemistry. Some basic 
concepts are provided in an appendix (13.2 – Appendix II –  A brief Immunological 
Glossary page 257) to increase readability for non-immunologists. For further 
reading, two text books are suggested in the bibliography.[194,195]  
1.3.4. Antibody structure and function 
The antibodies used in immunochemistry are the circulating antibodies, also called 
immunoglobulins. Immunoglobulins (Igs) are soluble glycoproteins. The protein part 
consists of two identical heavy chains (H) of 55 kDa and around 450 amino acids, 
two identical light chains (L) of 25 kDa and around 220 amino acids. They are 
linked together by non-covalent interactions and stabilised by interchain disulfide 
bonds. The N-terminal domain of each light and heavy chain are highly variable in 
their amino acid sequence, and are referred to as the variable regions (VL and VH, 
respectively) – both variable regions form the antigen-binding site.[195] The C-
terminal domains of the light and heavy chain together form the constant regions 
(CL and CH, respectively), which determine the effector function of the 
immunoglobulins (in vivo) and the immobilization of Igs on solid supports in 
immunoassay (like the microtitre plates). 
Murine Igs, like Igs from other mammals, can be divided into five classes: IgG, IgA, 
IgM, IgD and IgE. They differ in function, size, charge, amino acid sequence and 
carbohydrate content.[194]  
Igs are expressed as 1) membrane-bound receptors on the surface of B cellsb; 2) 
circulating (soluble) molecules in the serum and tissue fluids. Contact between the 
B cell receptor (antibody on the membrane) and the antigen it recognises, produces 
a B cell activation and differentiation into a plasma cell, which secrete large amount 
of circulating antibodies. The secreted antibody has the same binding specificity as 
the original B cell receptor.[196]  
                                                 
b
 Please refer to the glossary on page 257 for further clarification of the term.  












Figure 8. B cell maturation scheme. B cells are produced by a series of maturation steps 





The soluble immunoglobulin G (IgG) accounts for 70-75% of the total serum Ig pool. 
Therefore, it is the most used in immunochemistry techniques. IgG is a monomeric 
four-chain molecule with 146-170 kDa. IgA is the predominant immunoglobulin in 
seromucous secretions and accounts for 15-20% of the serum Ig pool.[196]  
Each immunoglobulin is bifunctional (except IgD), having:  
1) A part that recognises and binds the antigen (VL and VH domains – 
variable). It contains the antigen binding site and it is usually referred to as 
the Fab regionb. 
2) Another part that promotes the killing and/or removing of the immune 
complex formed through the activation of effector mechanisms (conserved 
in each isotype). It is the effector part, usually referred to as the Fc regionb. 
Within the variable regions (VL and VH domains) some polypeptide segments show 
a very high variability and are named hypervariable regions. They are involved in 
the antigen binding by creating an interaction site that is complementary in shape, 
charge and hydrophobicity to the epitope/haptenc they bind. For this reason, they 
are also referred to as complementary determining regions (CDR1, CDR2 and 
CDR3). Their variability is a result of an extensive gene recombination process and 
somatic mutations, which results in a high variable specificity within the antibody 
pool.[196]   
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Figure 9. Top: Schematic representation of an IgG. Bottom: Murine IgG Fc fragment and 
Fab fragment obtained from the Protein Data Bank (PDB) based on the works from Feige et 
al. (Fc fragment)
[197]
 and Banfield et al. (Fab fragment).
[198]
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1.3.5. Triggering the immune system for a self molecule 
The immune system has generally the ability to distinguish endogenous (self) from 
exogenous molecules (non-self), this mechanism is called self and non-self 
discrimination. The immune system usually reacts only against non-self molecules, 
but it can however be manipulated in either ways: by suppressing its response 
towards a non-self (e.g. the immunosuppressors used during organ transplantation) 
or by triggering it so that it reacts against a self, as it is shown in this thesis and 
auto-immune diseases are a naturally occurring example of such.[196]  
Small molecules like coprostanol are unable to elicit an immune response (non-
immunogenic), they are called haptens. A molecule with less than 1000 Da is 
usually unable to stimulate the immune system and does not induce a secondary 
antibody response.[199] 
Anti-hapten antibodies can however be raised by several strategies: the most 
popular one is to couple the hapten to an exogenous macromolecule (non-self) and 
immunize the animal with the hapten-macromolecule conjugate (antigenic). 
Proteins are widely used for that purpose but some synthetic polymers were also 
successfully employed.[200] To obtain murine anti-hapten antibodies, the most 
commonly employed proteins are albumins from other species[201,202] – bovine 
serum albumin (BSA) and ovalbumin (OVA) – and keyhole limpet hemocyanin 
(KLH), a highly immunogenic protein from a giant keyhole limpet (a marine 
gastropod). KLH induces indeed a stronger immune response in mice than 
mammals-related albumins (BSA and OVA)[203] but has some well-known 
drawbacks: The first of them is the low purity and high heterogeneity of the KLH 
supplied (heterogeneously glycosylated and made up of several subunits).[204] The 
immune system can indeed react not only against the hapten-KLH conjugate 
(antigen) but also to unknown impurities in the injected antigen. A second drawback 
is its dimension: while BSA has about 66 kDa, KLH is supplied with a molecular 
size between 4,500 kDa and 13,000 kDa, which may cause problems when a 
conjugate hapten-KLH has to be characterised by MALDI-TOF/MS.[204]  
BSA is supplied with high purity and it is easily characterised by mass spectrometry 
based techniques such as MALDI-TOF/MS and ESI-MS.  
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1.3.6. In vivo Immunization  
An important feature of the immune response is that it demonstrates memory. It 
"remembers" if it has “seen” an antigen before and it reacts to secondary exposures 
to the same antigen in a different manner than after a primary exposure (1st 
immunization). Generally, only an exposure to the same antigen will elicit this 
memory response. While in the primary response (after 1st immunization), the major 
class of antibody produced is IgM, in the secondary response (re-immunization, 
also boost) it is IgG (also IgA and some IgE).[196] The antibodies that persist after 
the secondary response are mainly from the IgG type, and they can be in circulation 
for weeks, months or years (the principle of vaccination). A number of re-
immunizations (boosts) were performed in this project to enhance the production of 
high titre of IgG and to create memory effect. Worth to be mentioned: if there are 
specific IgG in the serum, every new exposition to the antigen will result, in addition 
to new IgGs expression, in a rapid immune elimination of the complex antibody-
antigen.[194]  
The antibody affinity (binding strength) to the antigen is theoretically increased 
during the secondary response and multiple boosts lead to higher affinities while 
reducing affinity towards related antigens – affinity maturation.[202] The affinity 
maturation occurs as a result of somatic mutation in the hypervariable regions and 
subsequent selection and proliferation of B cells, which bind antigen with higher 
affinity.[194] Antibodies with high affinity bind the antigen with a greater stability in a 
shorter time than those with low affinity and are preferable for immunochemical 
techniques. 
 
1.3.7. Polyclonal and monoclonal antibodies 
The used BSA-hapten conjugate, like most antigens in vivo, presents numerous 
epitopes that are recognised by a large number of circulating B cells. Each B cell is 
activated to proliferate and differentiate into plasma cells, and the resulting antibody 
response is polyclonal. In contrast, monoclonal antibodies (mAbs) are antibodies 
produced by a single B cell clone.[205] 
PAbs can be generated more rapidly, at less expense, and with less technical skill 
than is required to produce mAbs. One can reasonably expect to obtain pAbs within 
a couple of months, whereas the generation of hybridomas and subsequent 
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production of mAbs can take up to a year or longer, therefore requiring considerably 
more expense and time.[206]  
The principal advantages of mAbs are their homogeneity and the fact that they can 
be produced endlessly.[167] Once the desired hybridoma has been generated, mAbs 
can be generated as a constant and renewable resource, theoretically for ever. In 
contrast, pAbs generated to the same antigen using multiple animals will differ 
among immunized animals, and the obtained antibodies will be different from one 
batch to another. The quantity of pAbs obtained is therefore limited by the size and 
lifetime of the animal used. Rabbits, goats and sheep are the most common 
hosts.[206,207] 
 
1.3.8. Challenge in hapten(-self)-specific antibodies 
“… scientists have come up with solution to certain problems only to find that the biological 
world got there first.” 
 Ray Paton, Artificial immune system, 2002
[208]
   
 
The production of antibodies or anti-serum to coprostanol was never reported. 
Structurally related compounds were looked at before drawing the experimental 
protocols for the immunization. The most studied of them is cholesterol, which 
shares the 3β-OH with coprostanol but has one double bond in the B ring (C5-C6). 
Thus, the resulting conformations of coprostanol and cholesterol molecule are 
different as discussed in the results section (10.1.1 - Hapten selection, page 174). 
In any case, precedent experiments using cholesterol as a hapten provide very 
useful information for the production of mAbs.[209,210]  
Karl Landsteiner and co-workers first suggested that sterols can be immunogenic 
when attached to large carrier proteins[211] (~1936) and in the 1960s, Bailey et al.[212] 
showed that anti-cholesterol activity can be induced in serum by immunizing with 
cholesterol-albumin conjugates. Anti-cholesterol antibodies (AChA) were also found 
to be induced by inoculation of liposomes containing 71% cholesterol.[209] The 
liposome formulation was also used to generate mAbs to cholesterol but only from 
the IgM type.[213] 
Only recently two anti-cholesterol mAbs IgG were claimed to have been 
produced.[214] They bind free cholesterol (adsorbed directly on the microtitre plate 
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surfaces) as well as the three serum lipoproteins containing bound cholesterol 
(VLDL, LDL and HDL). No inhibition curves are presented to free cholesterol, 
impeding a proper judgement about the affinity of the obtained mAbs. Interesting is 
the mAbs selectivity presented, which confirms others authors’ works: the hydroxyl 
group in C3 is critical for the cholesterol recognition and for the binding Ab-
cholesterol.[214,215] Cholesterol-related compounds, containing the 3β-OH, bind to 
the antibodies while others lacking the OH group do not. Moreover, bile acid 
containing the 3-OH do not bind, stressing the importance of the double C5-C6 
bond and the rings conformation for the recognition.[214,216] Peculiar is the fact that 
besides IgM, only IgGs from the subtype IgG3 were obtained. IgG1 and IgG2 were 
not found.[214,216] 
Studies have also reported the presence of naturally occurring anti-cholesterol 
antibodies (autoantibodies) in  a variety  of  experimental  animals  and  man.[217,218] 
To date,  the  biological  effects  of  antibodies  to cholesterol,  whether  naturally  
occurring  or  induced,  are  unknown.[216,219] 
Vaccines against cholesterol have been tried out but it seems that the anti-
cholesterol IgG does not remain in circulation for a long time.[209,220] Despite some 
studies showing a reduction in atherosclerosis platelets after immunizations using 
cholesterol liposomes and protein conjugates, the effect is not long lasting and after 
9 month there are no differences between non-immunized and immunized 
individual.[212,221] This together with the fact that most induced antibodies seemed to 
be from the IgM type (primary immune response), raises some questions about the 
possibility of producing IgGs to endogenous molecules using in vivo systems.  
Another non-endogenous compound, made exclusively from carbon and hydrogen, 
also seems to induce an immune response – squalene.[222] Anti-squalene antibodies 
were found in American veterans who fought during the Gulf War and were 
immunized with an anthrax vaccine containing squalene.[223] The Gulf War 
syndrome was thought for some years to be caused by these anti-squalene 
antibodies in the serum.[224,225] As squalene is used as adjuvant in a lot of vaccines 
(including the seasonal influenza vaccine), pharmaceutical companies suggested 
lately that anti-squalene antibodies are present at low levels in the serum of 
individuals who were never immunized with squalene-containing formulations.[226-228] 
Additionally, the study from Novartis seems to show that administering squalene-
containing vaccines neither induced anti-squalene antibodies nor enhanced 
preexisting antisqualene antibody titers.[226] 
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Lately, an antibody was proposed for capture proteins bound to the bile acid 
lithocholic acid (2008).[229] The reported mAb was however produced to bind to the 
immobilized hapten-protein and not to the hapten alone in solution. 
Here, the antibody production for coprostanol assumes the following concepts:  
- Coprostanol has only a possible functional group to attach it to a carrier 
protein: C3-OH. From previous works, this group seem to be crucial for the 
antibody recognition and therefore should be available as epitope.[214] 
- The lack of a coupleable group in the side chain (C17) led to a search for 
possible candidates which, sharing the same conformation of coprostanol 
and possessing the C3-OH, have additionally an amine or carboxylic acid 
terminal group. 
- The cyclopenta[a]phenanthrene skeleton is able to work as an epitope and 
generate hapten-specific antibodies.[222,224] 
- Because the selected hapten was an endogenous bile acid (isolithocholic 
acid), it has to be assumed that it is possible to raise antibodies (or enhance 
the production of autoantibodies) against self molecules.[194] 
- Due to the diversity of B cell present in the spleen it is possible to obtain an 
anti-coprostanol mAb using a structurally-related hapten in the immunogen.  
 
“The studies discussed have a bearing upon the question of the lipoid nature of alcohol 
soluble haptens since, granting the accuracy of the data presented, these haptens and 
chemically known lipids are the only material that appear to acquire antigenicity by the 
addition of proteins. It is not evident, however, why substances chemically so dissimilar as 
sterols and phosphatides should have a special property in common.” 
Karl Landsteiner, The specificity of serological reactions, 1936 
 
1.3.9. Production of mAbs – The hybridoma technology 
MAbs can be obtained using either in vivo or in vitro techniques. An in vivo 
technique was used in this project as in vitro techniques for haptens still present 
some drawbacks[230] and have been mainly applied to obtain humanised and 
chimeric mAbs for human use – as therapeutic agents.[231-233] 
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The generation of mAbs for immunoassays still relies largely on the traditional 
hybridoma technology (Köhler and Milstein, 1975).[234] 
Each B cell secretes one specific antibody directed to a specific epitope. This B cell 
secreting the desired anti-hapten antibody has to be selected out of millions of cells. 
Unfortunately, secreting B cells can only replicate a limited number of times, 
therefore rendering production of mAbs by their cultivation all but impossible.[235] 
Immortalising them is thus required. This can be accomplished using the hybridoma 
technology[234]: fusing the somatic B cell with a myeloma (tumour) cell line from the 
same mouse strain, and generating an immortal hybrid – B cell and myeloma – 
called hybridoma. 
Hybridomas have the antibody secreting capacity (from the B cell) and they are 
able to divide perpetually when cultivated in permissive conditions (from the 
myeloma cells).[236] 
The B cells to fuse are usually obtained from the mouse spleen (~1x108 cells) and 
the somatic fusion is accomplished by co-centrifuging the spleen cells with 
myeloma cells in polyethylene glycol (PEG), which allows cell membranes to 
fuse.[202] A slightly modified method, using additionally an applied voltage, seems to 
improve the fusion yield – electrofusion.[237,238] The yield is a critical issue in the 
whole process since it is not truly clear how many B cells do indeed fuse. Fusion 
performed with the help of polyethylene  glycol  (PEG) or Sendai virus have  
recognised  shortcomings:  relatively  low  yield  of  hybrids,  loss  of viability  and  
secretory  properties.[239] Electrofusion is believed to increase the yield but exact 
figures were not found in the literature.[239,240]  
Efforts to improve efficiency and stability of monoclonal antibody-producing cell 
lines have not brought about substantial progress since the invention of the 
hybridoma technology.[207,240] 
These  shortcomings  make  it necessary  to  seek  new approaches  for  the  
generation  of  hybridomas or alternative approaches to by-pass the hybridoma 
technology as suggested and patented by Pasqualini and Arap.[241,242] The 
proposed hybridoma-free generation of monoclonals consists of generating 
immortal splenocytes (spleen B cells) by-passing the somatic fusion. To do so, 
Pasqualini and Arap created a transgenic mouse with a mutant temperature-
sensitive simian virus large tumour antigen under the control of a murine major 
histocompatibility promoter from which splenocytes were derived. At a permissive 
temperature (33°C) the splenocytes were immortalised and became capable of 
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secreting monoclonal antibodies into the culture medium. The authors claimed that 
immortal splenocytes showed a higher genetic stability in comparison to that of 
hybridomas.[241] Yet, the technology does not seem to be effective at saving costs 
and time needed for monoclonal antibody production.  
 
1.3.10. Hybridoma selection  
After the somatic fusion, the hybridomas have to be separated from the non-fused 
myeloma cells (which could overgrow and restrain the hybridomas expansion). This 
is achieved using a metabolic pathway deficit of the myelomas used: they lack the 
enzyme hypoxanthine guanidine phosphoribosyl transferase (HGPRT), which holds 
a key role in the synthesis of guanidine tri-phosphate (GTP) in the nucleotide 
synthesis salvage pathway. These cells are still able to synthesise their nucleotides 
via the main pathway, but when cultivated in the presence of aminopterin, an 
inhibitor of dehydrofolate reductase (DHFR), an enzyme that produces 
tetrahydrofolate – a key co-factor in the synthesis of thymidine tri-phosphate (TTP) 
– these cells can not replicate.  Since each of the pathways leading to the 
production of nucleotides is non-functional under such conditions, myeloma cells 
are unable to grow in HAT (hypoxanthine-aminopterin-thymidine) medium.[243] 
B cells from the spleen have a functional HPRT enzyme and are able to survive in 
the presence of aminopterin. But, as somatic cells, they can only replicate a few 
times before dying naturally.  
Only fused clones (hybridomas) that have inherited the ability to replicate 
indefinitely from the myelomas and the functional HPRT expression from the B cells 
will grow for a number of generations in the presence of aminopterin.[199,235] 
The selection of the secreting hybridomas (clones) is normally carried out using 
limiting dilution cloning (LDC).[244] Although being labour intensive and having low 
throughput, it is still widely used owing to its relative simplicity and low cost. LDC 
involves dispensing a low-density hybridoma suspension into a microtitre plate and 
allowing them to grow. Periodically, supernatants from the wells are analysed for 
the presence of the desired antibody by using a suitable assay system, normally an 
ELISA.[245] The cells from wells producing the desired antibody are further diluted 
until eventually some wells will contain clones of a hybridoma derived from a single 
cell producing a monospecific antibody. If the cells remain viable and proliferate 
then a monoclonal antibody-secreting hybridoma has been isolated.[246] 
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The screening of the supernatant is the recognised process bottleneck[245,247]: 
microplate-based ELISAs are the most widely used methods for hybridoma 
screening, mainly using the indirect format (with immobilisation of hapten-protein 
conjugate).[245,248] The process is laborious, time-consuming[207] and has many 
pitfalls as briefly described beneath.  
About 10 microtitre plates (~1000 wells) have to be screened within a day using a 
volume of 100 µL from the cells supernatants. Hundreds to thousands of different 
cells are present in each well, including secreting and non-secreting Hybridoma.[249] 
The replication pattern of hybridomas varies from clone to clone as well as does the 
protein (antibody) expression capacity among secreting ones. Thus, a risk of a 
faster growing by non-secreting hybridomas (consuming the medium nutrients) is of 
concern as secreting ones can as a result die in culture. It is therefore critical to 
select by LDC secreting-hybridomas as soon as possible to isolate them from non-
secreting ones.[250] And due to the small amount of excreted antibodies into the 
medium, the risk of losing the desired hybridoma, by not detecting the excreted 
antibody, is indeed very high.[250]  
Indirect ELISA (hapten-protein conjugate immobilised) offers an advantage over the 
direct one (anti-IgG antibody immobilised): better sensitivity as it generates higher 
signal-to-noise ratios.[247] However the risk of false positives is elevated when the 
indirect format is used. Cervino et al. reported up to 50% of false positive clones 
when the indirect format is used against 1% when using the direct one,[245] 
confirming thus the results from Weller in the early 1990s.[251] Still the indirect format 
seems to be the standard procedure in hybridoma screening.[207,248] 
Alternative methods have been proposed to reduce the workload and time needed 
for the screening and to increase the detection sensitivity. The BIAcore 
screening,[252] flow-based kinetic exclusion immunoassay (KinExa),[250] time-
resolved fluorescence assay,[253] and microarrays[168] have been suggested as 
practical options. Although being less laborious and time-saving, they still rely on 
the indirect format using the immobilised antigen. Recently, Rieger et al. reported 
an alternative microarray screening method but based on the direct format 
(immobilised antibody).[247] 
The use of microarrays is very promising as besides allowing high-throughput 
screening, it requires only a few nanoliters of the hybridoma supernatant.[168,247] The 
low volumes required permit: 1) screening for antibodies against different 
antigens/hapten simultaneously; 2) to establish inhibition curves (competitive 
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assay) from the very beginning of the process. In microtitre-plate based ELISAs this 
is not possible – the dilution of the 100 µL supernatants increases the risk of false 
negatives.[245,247] 
Another interesting alternative is the plating of hybridomas in a semisolid medium 
(methylcellulose based). The secreted antibodies will be immobilised in the 
proximity of the hybridoma secreting cell and are detected using a fluorophore-
labelled hapten.[254] The main advantage of this technology (Genetix Clone Pix Fl) is 
that it allows for earlier identification and subsequent isolation of the secreting 
hybridoma. 
Flow cytometry and cell sorting was also recently proposed.[255] The technique has 
a high throughput and it reduces the overall costs and workload. The proposed 
method is based on the binding of secreted monoclonal antibodies to an affinity 
matrix assembled (anti-(Fc-)IgG-mouse antibody from a goat) immobilised on the 
outer cell membrane of hybridomas. Hybridomas are allowed to secrete into a 
viscous medium and secreted antibodies are then detected using a monoclonal 
antibody, specific to the Fab fragment of mouse IgG, conjugated to a fluorophore.  
Fluorophore-bound secreting cells are finally selected via flow-cytometric cell 
sorting according to the their surface fluorescence.[255] It is however assumed the 
homogeneity in the distribution of the affinity matrix on the hybridomas outer 
membranes and that diffusion phenomena of secreted antibodies are avoided by 
the use of a viscous medium, i.e. antibodies from a secreting-hybridoma do not 
diffuse in the viscous medium and thus cannot bind to a non-secreting clone 
nearby.  
To summarise, currently used hybridoma screening methods strongly rely on 
microtitre-plate based ELISAs, which are recognised to both overreporting (false 
positive clones) and underreporting (false negative clones) of secreting hybridomas. 
More systematic studies, like the one from Cervino et al.,[245] comparing the different 
formats are useful in order to establish a proper judgement about the best practices 
to employ. Improvements in automation and multiplex screening are necessary to 
overcome the process bottleneck.  
Introduction  
2. Objectives  
 
The objectives of this thesis were:   
 
1. To develop an inexpensive and high-throughput immunochemical method to 
quantify caffeine in environmental waters, 
 
 1.1. avoiding time-consuming sample preparation techniques; 
1.2. comparing polyclonal serum and monoclonal antibodies commercially 
available for caffeine and producing a de-novo synthesised tracer; 
1.3. validating the developed assay for surface waters and comparing its 
performance with a reference method (LC-MS/MS).  
 
2. To create the first immunoassay for coprostanol. 
2.1. producing an immunogen that could stimulate a murine immune 
response against coprostanol;   
2.2. generating a polyclonal serum and monoclonal antibodies using in vivo 
immunization and hybridoma technology;  
2.3. developing a new extraction method for coprostanol and related 
compounds that allows their quantitation in unfiltered surface waters;  
2.4. developing a new LC-MS/MS method to quantify coprostanol and 
related compounds in surface waters.  
 
3. To demonstrate the suitability of the new developed analytical methods for 
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3. Thesis structure  
The work presented results from research on two different analytes with the aim to 
develop immunoassays for caffeine and coprostanol. They share the same final 
practical application – surface waters monitoring – but their analytical state of the 
art started at two different stages: caffeine is a polar and well-studied analyte in 
several matrices while coprostanol quantitation in waters represents a major 
challenge, even when using chromatographic techniques. Antibodies to caffeine are 
widely available while for coprostanol they had to be raised, with all the 
shortcomings described in the introduction. As a result, the caffeine immunoassay 
has a major focus on validation issues and suitability to use it within different 
applications (PART 1). The second part (PART 2) addresses the complexity of 
coprostanol and related compounds’ analytics as well as some hints for future 
antibody production targeting stanol-related molecules. The two analytes are 
discussed together during the surface water monitoring campaigns (PART 3). 
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4. Equipment and common materials  
 
4.1. General instrumentation  
4.1.1. Liquid chromatography-mass spectrometry   (LC-
MS/MS) 
The LC-MS/MS experiments were carried out using an Agilent 1100 liquid 
chromatography system from Agilent Technologies (Waldbronn, Germany) and an 
API 4000 triple-quadrupole mass spectrometer from Applied Biosystems 
(Darmstadt, Germany). Both instruments were controlled by AnalystTM software (v 
1.4.2, Applied Biosystems). 
4.1.2. Immunoassay equipment  
The microplate spectrophotometer used was a SpectraMax Plus384 from 
Molecular Devices (Ismaning, Germany) controlled by SoftMax® Pro software (v 
5.2, Molecular Devices). The plate shaker was a Titramax 101 (Heidolph, 
Schwabach, Germany) set at 750 rpm. Plates were washed using an automatic 96-
channel plate washer, ELx405 Select™ from BioTek Instruments (Bad 
Friedrichshall, Germany).  
4.1.3. Extraction equipment  
Solid-phase extraction (SPE) was performed using an automatic SPE 
workstation, AutoTrace™, from Dionex (Idstein, Germany). Extracts evaporation 
was achieved by using a benchtop nitrogen stream evaporator, SLS 02 Evaporator 
from SLS-Labor (Bad Münstereifel, Germany). 
Dispersive liquid-liquid microextraction (DLLME) was performed using an 
orbital shaker – circular gyrating motion – KS 501 from IKA Labortecnik (Staufen, 
Germany). 
4.1.4. MALDI-TOF/MS 
MALDI-TOF mass spectra were acquired using a Bruker Reflex III MALDI 
mass spectrometer from Bruker-Daltonik (Bremen, Germany) operated with a 
nitrogen laser and at 20 kV acceleration voltage. 
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4.1.5. Capillary electrophoresis  
A capillary electrophoresis (CE) system with DAD (diode array detector), 
HPCE 3D™ (Hewlett Packard) was used for all the CE experiments. Instrument 
control and data acquisition were performed using the HP ChemStation software 
(version B.03.01, Agilent).  
4.1.6. Chromatography columns 










Prot RP 18S 
Protein reversed-phase 
column, UltraSep ESD 300, 
125 mm x 3 mm 
SepServ, Berlin, Germany 
Phen 
C18 reversed-phase column, 
UltraSep ES,  
250 mm x 2.1 mm, 5 µm 
SepServ, Berlin, Germany 
Phen1 
C18 reversed-phase column, 
UltraSep ES,  
250 mm x 3 mm, 5 µm 
SepServ, Berlin, Germany 
Sep 
C18 reversed-phase column, 
100 mm x 4 mm, 5 µm 
SepServ, Berlin, Germany 
HILIC 
Zorbax HILIC Plus,  




Monolithic column C18, 





C18 reversed-phase column, 
250 x 3 mm, 5 µm 




Origin™ 8.0 Software (OriginLab, Northampton, USA) was used for most of the 
displayed graphs.  
ChemBioDraw Ultra (v 11.0.1) and ChemBio3D Ultra (v 11.0.1), from 
CambridgeSoft (Cambridge, United Kingdom) were used for drawing the chemical 
structures, the reaction mechanisms and 3D representations.  
MarvinSketch 2010 (v.5.3.0.1) from ChemAxon, University of Kentucky, USA) was 
also used to drawn some chemical structures. 
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4.3. Proteins 
Horseradish peroxidase (HRP), EIA grade, from horseradish was obtained from 
Roche Applied Science. According to the producer, the lyophilised enzyme, salt-
free, comprises more than 90% of the isoenzyme C (HPLC), carbohydrates content: 
12.0-14.5% (w/w), amino groups: 2-3 moles/mole of enzyme and, a Rz number 
(Reinheitszahl) of 3.0-3.5 (A403/A275). Specific activity is approximately 3,500 U/mg 
lyophilizate (25°C, tetramethylbenzidine, H2O2). 
Bovine serum albumin (BSA) – as immunogenic carrier protein. The lyophilised 
albumin fraction V (min. 99%, receptor grade) used for preparing the conjugates – 
including the immunogens – was purchased from Serva Electrophoresis. The BSA 
used as buffer additive, min. 98%, was from Sigma. 
Ovalbumin (OVA), lyophilised albumin from hen egg white, min. 95%, was obtained 
from Fluka. 




Table 3. Buffers used within this thesis. All buffers were prepared in Milli-Q water unless 
other solvent is mentioned.  
Solution name Composition pH 
Carbonate buffer 
15 mM sodium carbonate 
35 mM sodium hydrogenocarbonate 
3 mM sodium azide 
9.60 
PBS buffer 
10 mM sodium dihydrogen phosphate 
70 mM disodium hydrogen phosphate 
145 mM NaCl 
7.60 
Sodium bicarbonate buffer 0.13 M sodium bicarbonate 8.10 
Substrate buffer 
220 mM potassium dihydrogen citrate 





540 µL TMB solution and 3 mM hydrogen 




40 mM tetramethylbenzidine and 8 mM 




10 mM tris-(hydroxylmethyl)-aminomethan 
15 mM NaCl 
8.50 
Tris-NaCl buffer 
10 mM tris-(hydroxylmethyl)-aminomethan 
150 mM NaCl 
8.50 
Washing buffer 
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4.5. Materials  
Transparent microtitre plates with 96 flat-bottom wells possessing high protein 
binding capacity (MaxiSorpTM) were purchased from Nunc (Thermo Scientific). UV-
transparent 96 wells microtitre plates, UV-Star™, were purchased from Greiner bio-
one (Frickenhausen, Germany).  
PD-10 columns containing Sephadex G-25 were obtained from GE Healthcare 
(Munich, Germany). Grade 288 paper filters for water sample filtration were from 
Sartorius (Goettingen, Germany). Folded-paper filters grade 292, 110 mm, 87 g/m2 
were also supplied by Sartorius. Polypropylene tubes (1.5 mL) were purchased 
from Eppendorf (Hamburg, Germany). Zeba™ Micro Desalt Spin Columns were 
from Pierce (Thermo Scientific). 
Surface water’s samples were collected using 1 l brown glass bottles from Schott 
(Duran, Schott AG, Mainz, Germany). Samples for element analysis were collected 
in half-liter plastic flasks treated with nitric acid, directly supplied by Dr. Lueck’s 
laboratory (Metal analysis, Inorganic Reference materials, BAM, Berlin). 
 
4.6. Chemicals and buffer salts  
Guardian™ (peroxidase conjugate stabiliser/diluent) was purchased from Thermo 
Scientific (Schwerte, Germany). 3,3’,5,5’-Tetramethylbenzidine (TMB), research 
grade, and Tween™ 20, pure, were purchased from Serva (Heidelberg, Germany). 
Ultrapure Sinapic matrix for MALDI was supplied by Protea Biosciences (Nîmes, 
France).  
Buffer salts (sodium phosphate dibasic dihydrate, sodium phosphate monobasic 
dihydrate, potassium phosphate monobasic, potassium dihydrogen citrate, sodium 
chloride, sodium carbonate, sodium bicarbonate) were of Fluka "ultra” quality 
(Sigma-Aldrich). Tris(hydroxymethyl)-aminomethan (p.a. for buffer), trifluoroacetic 
acid (for protein sequence analysis) and calcium nitrate tetrahydrate (ACS) were 
purchased from Merck (Darmstadt, Germany). 
Hydrogen peroxide 30% Trace select®, N,N-dimethylformamide (puriss.), N,N′-
dicyclohexylcarbodiimide (puriss.), N-hydroxysuccinimide (purum), sorbic acid 
potassium salt (p.a.), ammonium acetate (puriss., LC-MS additive) and calcium 
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sulphate dehydrate (puriss.) were also from Fluka. Sulphuric acid 95-97%, and 
hydrochloric acid 32%, were of “Baker analysed grade”, methanol and acetonitrile 
were HPLC gradient grade (Mallinckrodt Baker, Griesheim, Germany).  
N,N-Dimethylformamide, anhydrous, 99.8% was from Aldrich; potassium carbonate, 
Biochemika Ultra, anhydrous, >99.0% and sodium hydroxide, Biochemika Ultra, 
>98,0%, were from Fluka. Hydrochloric acid, reagent grade, 37% and magnesium 
sulfate, anydrous, Reagent Plus, >99.5%, were supplied by Sigma-Aldrich. 
Ultrapure reagent water (hereafter referred to as Milli-Q water) was obtained by 
running demineralised water (by ion exchange) through a Milli-Q® water purification 
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5. Additional materials (PART I) 
5.1. Chemicals  
Caffeine (puriss.), theophylline (>99.0%), xanthine (puriss. >99%), guanine 
(puriss.), adenine (purriss.) and adenosine (>99%) were purchased from Fluka. 
Theobromine (min. 99.0%) and paraxanthine (approx. 98%) were supplied by 
Sigma-Aldrich. Deoxyadenosine triphosphate (dATP) and deoxyguanosine 
triphosphate (dGTP) were supplied by Fermentas (Vilnius, Lithuania). Phosphoric 
acid (85%), N,N-dimethylacetamide (puriss.), sodium azide (>99%), ethyl 6-
hexanoate (>97%, GC)  and ethylenediaminetetraacetic acid disodium salt 
dihydrate (EDTA, >99%) were purchased from Sigma-Aldrich. 6-Bromohexanoic 
acid ethyl ester, purum, >97,0% was purchased from Fluka and Chloroform, HPLC 
grade, >99,9% from Aldrich.  
 
5.2. Antibodies 
The anti-caffeine monoclonal antibody (mouse IgG 2b, catalogue number C0110-
06, clone 1.BB.877, lot L0251502M, 1.37 mg/mL) was purchased from USBiological 
Inc. (Swampscott, MA, USA). The other tested anti-caffeine monoclonal antibody 
(mouse IgG1, catalogue number 10-C05, clone M94128, lot 334, 4.7 mg/mL) was 
purchased from Fitzgerald Industries International (Concord, MA, USA). 
The anti-caffeine polyclonal serum (BT17-1040-04, Lot D991007, serum from 
sheep, 50 µL) was obtained from BIOTREND Chemikalien GmbH (Cologne, 
Germany). According to the company’s information the anti-serum was obtained 
after immunizing a sheep with a conjugate of ovalbumin (OVA) and 7-(5-
carboxypentyl-)1-3-dimethyl-xanthine. The received 50 µL were divided into 5 µL 
aliquots and stored at -20°C until used. Once an aliquot had been thawed, it was 
stored at 4 °C. 
The secondary (capture) antibody, a polyclonal anti-mouse IgG whole molecule 
(R12569, Lot 20243, 2.2 mg/mL), from sheep, was obtained from Acris Antibodies 
GmbH (Herford, Germany).  
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5.3. Mineral waters 
The mineral waters were purchased from local supermarkets and retail stores in 
Berlin (Kaufland, Galeries Lafayette and Galão). The beverages, coffee and teas 
were purchased in a local supermarket (Kaufland). The caffeine tables were 
acquired in a local pharmacy and the Nespresso® coffee capsules acquired via 
internet.  
 
5.4. Cartridges and filters  
Strata-X™ cartridges (200 mg, 6 ml, 33 µm) were supplied by Phenomenex, 
(Aschaffenburg, Germany) and C18 Bakerbond (500 mg, 6 mL) obtained from 
J.T.Baker (Deventer, The Netherlands). Vivaspin 500® filters, cut-off of 3 kDa were 
supplied by Sartorius. 
 
6. Methods (PART I) 
6.1. Caffeine derivative synthesis 
The caffeine derivative (CafD) was produced based on a synthesis described by 
Cook[257] with major modifications as described described below.  
3.2 g of theophylline (17.8 mmol) was dissolved in 70 mL of anhydrous N,N- 
dimethylformamide (DMF). 2.9 g potassium carbonate (21 mmol) was added under 
continuous stirring. 3.58 ml of 6-Bromohexanoic acid ethyl ester (20.2 mmol) was 
added and the mixture stirred at 60 °C for 14 h. The reaction was monitored using 
thin-layer chromatography (TLC). The suspension was filtered using a folded paper 
filter, and the potassium carbonate retained on it was washed several times with 
small amounts of DMF. These washing fractions were added to the filtrate and the 
solvent evaporated using a rotary evaporator (p = 16 mbar, T = 48 °C). The residue 
(a light-red powder) was dissolved in chloroform at 40 °C and dried over 
magnesium sulfate, after cooling to room temperature, and filtered afterwards. 
Chloroform was evaporated (p = 440-450 mbar and T = 48 °C) and 2.25 g (7 mmol) 
of the obtained product (7-ethoxycarboxypentyl-1,3-dimethylxanthine) was 
dissolved in 70 mL DMF. 40 mL NaOH (10%) were added. This mixture was 
refluxed at 115 °C for 30 minutes to cleave the ethyl ester (the reaction was again 
monitored using TLC). The solvents were evaporated on a rotary evaporator at 50 
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°C (p(H2O) = 76 mbar; p(DMF) = 10-20 mbar) and the remaining residue dissolved in 
water. HCl 30% (m/v) was added (pH 4) to protonate the carboxylic group. The 
product, 7-(5-carboxypentyl)-1,3-dimethyl-xanthine, was extracted by liquid-liquid 
extraction into ethyl acetate, after adding sodium chloride into the water phase.  
The CafD was recrystallised from ethyl acetate to obtain colourless needles. 

















Figure 10. Caffeine derivative (7-(5-carboxypentyl)-1,3-dimethyl-xanthine) synthesis. A detailed description of the synthesis is provided in the text (page 64).  
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6.2. Caffeine derivative characterisation 
6.2.1. Differential scanning calorimetry (DSC) 
The melting point was determined using a differential scanning calorimeter 
(Diamond DSC, PerkinElmer, Waltham, MA, USA). The amount of substance used 
was 0.75 mg and the temperature rise from 80 °C to 150 °C (at 10 K/min).  
6.2.2. LC-MS/MS 
Table 4. LC-MS/MS method for the characterisation of the caffeine derivative. 
Chromatographic parameters   
Column  Purospher RP-C18, 250 x 3 mm, 5 µm 
Guard column  Purosphere RP-C18, 10 x 3 mm, 5 µm 
Oven temperature  35 °C ± 2°C 
Mobile phase A 
5 mM ammonium acetate + 0.01% acetic acid 
in water 
Mobile phase B Methanol 
Gradient 







Flow rate  0.400 mL/min 
Injection volume 20 µL 
MS parameters 
Ionisation  ESI+ 
Acquisition mode  Scan from 50.0  to 600.0 a.m.u. 
Curtain gas 20 psi (138 kPa) 
Ion source gas #1 50 psi (345 kPa) 
Ion source gas #2 45 psi (310 kPa) 
Source temperature 410 °C 
Entrance potential 10 V 
Declustering potential 75 V 
Ion spray voltage 4.5 kV. 
 
The separation was performed according to the method summarised below in Table 
4. Ten milligram of each substance to be analysed, theophylline, intermediate ester 
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and the final acid, were dissolved in ten millilitres of a mixture of water:methanol 1:1 
(v/v), i.e., a final concentration of 1 g/L. 
 
6.2.3. X-ray crystallography 
Crystals of 7-(5-carboxypentyl)-1,3-dimethylxanthine monohydrate were grown by 
solvent evaporation from ethyl acetate at room temperature. The single crystal X-
ray data collection was carried out on a Bruker AXS SMART diffractometer at room 
temperature using Mo K-alpha radiation (lambda = 0.71073 Å), monochromatised 
by a graphite crystal. A total of 10307 reflection intensities were measured with an 
exposure time of 30 s per frame. The data reduction was performed by using the 
Bruker AXS SAINT and SADABS packages.[258] The structure was solved by direct 
methods and refined by full-matrix least squares calculation using SHELXTL.[259] 
 
6.2.4. 1H and 13C NMR (Nuclear Magnetic Resonance) 
NMR spectra have been recorded under standard conditions on a Bruker Avance 
600 NMR spectrometer, operating at 400 MHz. The substance was dissolved in 
hexadeuterodimethyl sulfoxide (DMSO-D6, isoptopic purity 99.96 atom% D, 
Aldrich). 
 
6.3. Enzyme tracer synthesis 
CafD was coupled to horseradish peroxidase (HRP), using the NHS/DCC activated 
ester method.[182,260] The coupling occurs in two steps: first, a reactive intermediate 
(highly electrophilic) is produced – the activated ester – which is thereafter coupled 
to terminal amines (-NH2) of lysine residues on the protein, under slightly basic pH 
conditions.[261] 
To couple a carboxylic acid (CafD) to terminal lysine residues of a protein, the 
oxygen of the carboxylic group must be first converted into a better leaving group. 
This was achieved by using carbodiimide chemistry. The oxygen (nucleophile) from 
the carboxylic will attack the central carbon of N,N'-dicyclohexylcarbodiimide (DCC), 
producing an unstable and electrophilic o-acetylisourea intermediate, which can by 
itself react with terminal amino groups (from the protein) to form an amide bond (not 
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shown in Figure 11.). Yet, this unstable intermediary can also form a non-reactive 
diamide by Beckmann rearrangement[262] if the nucleophile (amine residues on the 
protein) is not present or if it is not provided fast enough in the reaction mixture. 
Additionally the intermediate is susceptible to hydrolysis when water is present, 
regenerating the original acid. The addition of N-hydroxysuccinimide (NHS) 
improves the stability[263] of the intermediate and enhances the yield of the linkage 
up to 15-fold.[264] NHS converts the amine-reactive ester to an amine-reactive NHS 
ester, which is sufficiently stable to permit a two-step cross-linking procedure, 
allowing the carboxylic groups on the protein/enzyme to remain unaltered.  
The reaction to obtain the active ester should occur in a completely water-free 
environment. Thus, the reaction was carried out in anhydrous dimethylformamide 
(DMF) and under a nitrogen atmosphere. The solvent should be polar enough to 
dissolve the hapten (CafD); less polar solvents (like tetrahydrofuran) were tried and 
the conjugation was not successful. A reaction pathway is summarily presented in 
Figure 11 and a detailed mechanism covering the carbodiimide activation of the 
acid is given in Appendix I – Detailed mechanism of the conjugation using a 
carbodiimide Page 255). 






















Figure 11. Production of an active NHS ester using the NHS/DCC method. 1). The terminal 
carboxylic group of the hapten is converted into an unstable O-acylisourea intermediate by 
DCC (N,N'-dicyclohexylcarbodiimide). 2) The unstable intermediate reacts with NHS (N-
hydroxysuccinimide) to produce a more stable amine-reactive ester. 3) Hydrolysis of the o-
acylisourea occurs if water is present 4) As an alternative route a non-reactive amide can be 
formed by rearrangement, in case NHS is not present; the unstable O-acylisourea 
intermediate can also be coupled directly to the protein/enzyme  












Figure 12. Protein-hapten conjugate synthesis. The amine-reactive ester is coupled to 
amine groups of the protein in aqueous medium and slightly basic pH (8.1). The amine 
groups of an amino acid will attack the carbonyl carbon and initiate the addition of the 
hapten followed by elimination of NHS.  
 
Conjugation Protocol: 
 3.123 mg (10 µmol) of CafD was dissolved in 120 µL anhydrous DMF and 1.151 
mg (10 µmol) of N-hydroxysuccinimide (NHS) was added while gently stirring. After 
total dissolution of the NHS, 2.063 mg (10 µmol) of N,N'-dicyclohexylcarbodiimide 
(DCC) was added and the mixture stirred at 500 rpm, using a 5 mm magnetic stir 
bar, overnight at room temperature (RT) and protected from light. The mixture was 
centrifuged at 15 °C, 15,000 x g for 10 minutes and 4.64 µL supernatant added to a 
solution containing 0.340 mg HRP (0.00773 µmol) in 300 µL sodium bicarbonate 
0.13 M buffer (pH 8.1). The mixture was stirred for 4 hours (RT, protected from 
light), and thereafter purified by GPC (gel permeation chromatography) on a PD-10 
desalting column using PBS buffer (1mM sodium phosphate, 0.015 M NaCl, pH 7.6) 
as the eluent. Two drops (~ 100 µL) were collected in each well of a microtitre plate 
and after reading the absorbance at 405 nm, the volumes of the three wells with 
highest absorbance were pooled (Figure 13) and the concentration determined 
photometrically at 405 nm using HRP dilutions to set up a calibration curve. The 
pooled fractions were mixed with an equal volume of Guardian™ peroxidase 
conjugate stabiliser and stored at 4 °C. Because Guardian™ contains bovine serum 
albumin and other unknown additives, a small aliquot of the conjugate without 
stabiliser was kept for MALDI-TOF/MS analysis. The native HRP was carried 
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through the conjugation procedure too (without the CafD), and used as reference 
value for HRP mass. 
 
  
Figure 13. Tracer recovery after 
clean-up on a Sephadex PD-10 
column. The microtitre plate is 
read at 405 nm and the top 
fraction (F1) is recovered into an 
Eppendorf tube; a second 
fraction (F2) was also recovered 





Remark: The above-described protocol corresponds to a molar reaction ratio of 
1:50 (Hapten:Enzyme). For lower or higher ratios the pipetted volume of 
supernatant, containing the activated ester (4.64 µL in the above-described case), 
should be adapted to the desired coupling ratio. All the remaining protocol stays as 
described.  
 
6.4. Tracer characterisation  
The characterisation of protein/hapten coupling ratios is currently a very active field 
of research and no unswerving method for such purpose has been described 
insofar. Several techniques have been employed, both individually or by combining 
more than one, such as MALDI-TOF/MS, LC-MS(/MS) Gel Electrophoresis,[201] 
Capillary Zone Electrophoresis (CZE)[265,266] and Isoelectric Focusing 
electrophoresis (IEF),[266] either using a gel  or a capillary (cIEF). The gel-based 
techniques were dismissed from the very beginning because they do not allow 
quantitation, they use relatively high volumes of sample (which are mostly not 
available), and they require complex staining techniques as well as the pernickety 
preparation of native gels (acrylamide is a potent neurotoxin and agarose gels 
rarely provide a uniform pore size).[267] The others abovementioned techniques 
were tested and the obtained results are presented here except for the capillary 
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isoeletric focusing (cIEF) method. The developed cIEF method lakes robustness 
and samples repeatability was an unresolved issue. Consequently it is omitted 
here. 
6.4.1. UV spectroscopy 
The HRP conjugates and “native” HRP standard dilutions (HRP as supplied) 
(calibrators) were measured in a UV-Star™ microtitre plate by UV-Vis (280 nm and 
405 nm) using 200 µL of each solution against a blank of PBS buffer. 
 
6.4.2. MALDI-TOF/MS 
MALDI-TOF mass spectra were acquired on a Bruker Reflex III MALDI mass 
spectrometer (Bruker-Daltonik, Bremen, Germany) operated with a nitrogen laser 
and at 20 kV acceleration voltage. 10 µL of each, native HRP and HRP conjugates, 
were loaded onto a Zeba™ Micro desalt spin column, centrifuged for 90 seconds at 
10,000 rpm, eluted with 10 µL water and mixed with 50 µL of matrix. Sinapic acid 
matrix was freshly prepared as a 10 g/L aqueous solution, containing 50% 
acetonitrile and 0.1% trifluoroacetic acid. The sample target was precoated with a 
droplet of 0.5 µL of matrix solution and dried for 5 minutes. Then 0.5 µL of protein 
sample was added onto the same spot and air-dried for one hour. Data was 
processed using Origin 8.0. The mass peaks were fitted with a Lorentzian function 
and the centres of the fitting curves assigned to the native HRP and the conjugate 
masses.  
 
6.4.3. LC-MS/MS  
The tracers characterisation was performed according to the method summarised in 
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Table 5. LC-MS/MS method for the enzyme tracer characterisation. 
Chromatographic parameters   
Column  
Protein reversed-phase column, Prot 
RP 18S, UltraSep ESD 300, 125 mm x 
3 mm 
Guard column  - 
Oven temperature  30 C ±  2°C 
Mobile phase A 0.1% trifluoroacetic acid in Milli-Q water 
Mobile phase B 0.1% trifluoroacetic acid in methanol 
Gradient 








Flow rate  0.450 mL/min 
Injection volume 10 µL 
DAD acquisition 
Wavelengths  from 190 to 900 nm 
Step width 2.0 nm 
MS parameters 
Ionisation  ESI+ 
Acquisition mode  Scan from 200.0  to 3000.0 a.m.u. 
Dwell time 2 sec 
Curtain gas 30 psi (207 KPa) 
Ion source gas #1 50 psi (345 kPa) 
Ion source gas #2 50 psi (345 kPa) 
Source temperature 500 °C 
Entrance potential 10 V 
Declustering potential 70 V 
Ion spray voltage 5.0 kV. 
 
Tracer concentrations were determined after extracting the chromatograms at the 
wavelengths 405 nm (for the heme group) and 280 nm (the apoenzyme). Peak 
comparison was performed both by area and height, as discussed afterwards in 
detail (Results section: 7.2.2.ii - LC-UV and LC-MS, page 105).   
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The coupling ratios were determined after extracting the m/z range 1400-2800 and 
thereafter applying the Bayesian Protein Reconstruction, using the Bio tools 
extension of AnalystTM software (starting mass: 20,000 Da; stop mass: 70,000 Da; 
step mass: 1 Da; S/N threshold: 20; 20 iterations). The concentrations were 
determined using the heme trace at m/z = 607 and the trace of the m/z range of 
1500-2800 for the apoenzyme. The calibration curve was obtained using six HRP 
standards, from 0.1 mg/mL to 1.5 mg/mL.  
 
6.4.4. Capillary zone electrophoresis – UV-Vis  
The separation was carried out at 25 °C using a fused silica capillary (polyimide 
coating), 50 µm I.D. from Polymicro Technologies (Phoenix, Arizona, USA), pre-
coated with the polymer HPMC (hydroxypropyl methylcellulose), 2% in background 
electrolyte (BGE): phosphate buffer 50 mM pH 7.0 containing 0.25% HPMC as 
dynamic coating agent.  Detection was performed at fixed wavelengths: 214 nm, 
280 nm and 405 nm. 
Samples were injected into the capillary by pressure – 30 mbar for 5 sec – and a 
positive voltage applied to obtain a constant current of 40 µA.  
All solutions, including samples and BGE, were filtrated using 0.45 µm circular 
syringe filters (25 mm diameter) supplied by Nalgene Nunc international. When 
used for the first time the capillary was rinsed with the following solutions: 1 M 
NaOH (10 min), 0.1 M NaOH (20 min), Milli-Q water (40 min), 2% HPMC in BGE (5 
min), BGE (5 min).  
Peak integration was performed both by height and area. For the determination of 
enzyme tracers’ concentrations, the current was increased to 60 µA to minimise the 
peak broadening caused by the coupling ratios interval within each tracer.  
 
6.5. Polyclonal Antibody (pAb) immunoassay 
The direct competitive ELISA was entirely performed at room temperature. The 
transparent high-binding microtitre plates were coated directly with the anti-caffeine 
polyclonal sheep serum diluted 75,000-fold in PBS buffer, covered with Parafilm® 
and incubated 2 hours on the plate shaker at 750 rpm. The plates were then 
washed three times with washing buffer. 
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The caffeine standards and samples were added to the plate (100 µL per well) and 
incubated for 30 minutes, thereupon the tracer (0.015 µg/mL in PBS buffer, 100 µL 
per well) was added and incubated for 30 minutes with permanent shaking. The 
caffeine calibration standards were prepared in Milli-Q water from a caffeine stock 
solution of 1.000 g/L in methanol. The calibration curve was established using 7 
calibrators, from 0.01 µg/L to 1000 µg/L. 
After washing away standards/samples and unbound tracer, 200 µL of substrate 
solution was added into the wells and incubated for 30 minutes while shaking. The 
reaction was stopped using 1 M sulphuric acid, 100 µL per well. The optical density 
was measured at 450 nm using 650 nm as reference.  
For quantitation purposes the calibrators were fitted with a logistic model curve 
(sigmoidal). Both calibrators and samples were determined in triplicate on each 
plate.  
 
6.6. Monoclonal antibody (mAb) immunoassay 
An identical modus operandi was used for all the samples: water, beverages and 
human saliva. A lower calibration range – from 0.025 µg/L – was used for 
quantifying caffeine in the water samples (lower concentration of the calibrators, 
anti-caffeine antibody and tracer) and a higher range – from 1 µg/L and 2.5 µg/L for 
the beverages and saliva samples, respectively.  
All assays were performed using the direct competitive format at room temperature. 
Tris-NaCl buffer pH 8.50 was used for all steps except the substrate. The plates 
were coated with polyclonal anti-mouse IgG (H&L, “whole molecule”) serum (1 mg/L 
in Tris-NaCl buffer, 200 µL per well), covered with Parafilm® and incubated 
overnight (~ 18 hours) at 750 rpm. The caffeine calibration standards were 
prepared in Milli-Q water from a caffeine stock solution of 1 g/L in methanol. From 
the substrate adding onwards the same protocol used for the polyclonal was 






Part I – Caffeine                                                                                                                        Materials and methods   
 77 
6.6.1. Immunoassay procedure 
For the lower-concentration range, the anti-caffeine monoclonal antibody was 
diluted to 0.0137 µg/mL (200 µL per well), added to the pre-incubated plate and 
shaken for 90 min. The caffeine standards and samples were incubated (100 µL per 
well) together with the tracer (0.0027 µg/mL, 100 µL per well) for 40 minutes with 
permanent shaking. The calibration curve was established using 10 calibrators, 
from 0.010 µg/L to 1 µg/L. 
The same procedure was used for the upper-range except for the concentrations of 
anti-caffeine antibody (0.137 µg/mL), tracer (0.008 µg/mL), and the standards used 
to establish the calibration curve: from 1 µg/L to 100 µg/L.  
 
6.6.2. Cross-reactivities 
The immunoassay selectivity for caffeine with respect to related xanthines was 
tested by assaying an aqueous dilution series of theophylline, theobromine, 
paraxanthine, xanthine, caffeine-trimethyl-13C, the caffeine derivative synthesised 
(CafD) and caffeine itself. Additionally several purines, structurally related to the 
xanthine ring, were tested: adenosine, adenine, guanine, deoxyadenosine 
triphosphate (dATP) and deoxyguanosine triphosphate (dGTP).  
The cross-reactivity was calculated as the ratio of mass concentrations at the 
inflection points (midpoints, parameter C in the 4 parameters logistic (PL) curve ~ 
half maximum inhibitory concentration (IC50)) of the corresponding calibration 







=CR  (Eq. 1) 
CR describes the cross-reactivity in percent; Ccaffeine is a parameter of the 4PL giving 
the caffeine concentration at the inflection point and CTest refers to the concentration 
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6.6.3.  Matrix effects 
A previous experiment, hereunder described, forecasted a major interference by the 
sample mineral content. This experimental part was thus designed to tackle with 
that particular setback.   
i. Previous experiment  
The first study on matrix effects was performed using three surface waters (from the 
Teltowkanal – a water channel in southern Berlin), a tap water, two mineral waters 
(with low and high mineralisation), and Milli-Q water spiked with 0.5 μg/L caffeine. 
All samples were analysed by ELISA and SPE-LC-MS/MS.  
ii. Effect of the sample mineralisation 
 Eleven mineral waters from different origin in Europe and with different 
mineralisation (the waters’ composition and origin are provided in Table 6) were 
spiked with 1 μg/L caffeine and analysed by ELISA and by LC-MS/MS (direct 
injection). Caffeine recovery was correlated with the waters composition data. 
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Table 6. Composition of the mineral waters used to study the matrix effects. The parameters 
pH, electric conductivity at 20°C and Total Dissolved Solids (TDS) at 180 °C were measured 
according to standard procedures for water analysis.
[268]
 The remaining parameters were 
provided by the water suppliers in the bottle banderole.  





















Voss Norway 0.8 1  0.6  9  0  
Fastio Portugal 1.3 4.1 8  1 4.2  0.6  
Celtic  France 10.5 1.1 48 4 6 <5 <0,10 1.9 2.1 
Llanllyr UK 12 14 68 6 17 30  2  
Lausitzer  Germany 12.5 4.1 44.8 2.2 4.8     
Saskia Germany 29.1 13.2  3 42.7 31   <0.5 
Aquarel Belgium  61.3 13.7 198 4   0.1   
Apollinaris Germany 90 30 1800 120 100 130  30  
Vittel  France 91 7.3 258 19.9 105     
Voeslauer  Austria  110.3 11.4 255 43.3 229 21  1.8  
Quézac France  241 255 1685 95 143 38 2.1 50 <1 
 






Voss  6.76 79.2 22 
Fastio  5.8 34.6 34 
Celtic   7.64 88.1 46 
Llanllyr  5.55 182 84 
Lausitzer   6.32 97.8 36 
Saskia  6.94 243 192 
Aquarel  7.98 352 249 
Apollinaris  6.62 1788 1855 
Vittel   7.52 557 397 
Voeslauer   7.71 764 599 





Total dissolved solids at 180 °C 
 
iii. Effect of the calcium concentration 
The effect of calcium was evaluated using a low mineralised bottled water 
(Lausitzer, 12.5 mg/L Ca2+, 97.8 μS/cm, 36 mg/L of total dissolved solids) spiked 
with different calcium concentrations (0, 5, 25, 50, 100, 150, 250, 500, and 1000 
mg/L Ca2+, using CaCl2) and the same amount of caffeine, 1 μg/L. The spiked 
solutions were analysed by ELISA and by LC-MS/MS (direct injection). A mineral 
water was used instead of Milli-Q water as the latter lacks buffer capacity: pH 
variations could lead to misinterpretations. The pH difference between all the spiked 
samples was not significant: 7.46 ± 0.17 pH units.  
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iv. Effect of EDTA addition 
To all mineral waters spiked with different levels of calcium (using calcium chloride) 
and 1 µg/L caffeine, the same amount of EDTA disodium salt dihydrate was added 
(51 mmol/L). The samples were mixed and left on the bench for 2 h before analysis.  
v. Calcium effect vs sample mineralisation 
From the aforementioned Lausitzer mineral water, three different samples were 
prepared: Lausitzer 1 (spiked with 1000 µg/L Ca2+, 1756 µS/cm); Lausitzer 2 
(spiked with NaCl to a conductivity close to the one of sample 1, 1746 µS/cm) and 
Lausitzer 3 (without additions). All samples were analysed using the immunoassay. 
 
6.6.4. Temperature effect  
The assay was performed at three different temperatures: 4°C, 20°C (room 
temperature), and 37°C. The assay buffers and calibration standards were placed 
overnight at the temperature to be tested. All the incubation steps were performed 
at the temperature tested. 
 
6.6.5. Operator influence  
The operator influence was assessed by assaying 20 water samples from the 
Teltowkanal, on the same day, by three different experienced operators: 1. A PhD 
student with some experience performing ELISA; 2. A training student with 2 month 
of experience doing ELISA; 3. A specialised technician with several years 
performing immunoassays.  
 
6.6.6. Fitting models for binding assays 
A 4-parameter sigmoidal fitting is the most commonly used in immunoassay. 
Several other fitting models were tested to evaluate if (1) the sum of the residuals 
decreases; (2) precision is improved and (3) better accuracy achieved.   
The fitting models tested are described in Table 7. Overall, a total of 16 different 
calibration curves were tested for comparing the different models.  
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Table 7. Fitting models tested for the calibration curves in ELISA. 
(†) 
Only used for the upper-
range calibration curve; 
(‡) 
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6.6.7. Validation  
The limit of detection (LOD) and limit of quantitation (LOQ) were calculated 
independently of one another. There is some consensus on the LOQ definition and 
methods to calculate it.[269-272] The same cannot be said about the LOD; its definition 
is to some extent clear but the methods and statistics used to calculate it still raise 
discussions,[174,270-278] making the concept rather woolly.  
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The LOQ was calculated using the calibration precision profile[279] after selecting the 
calibration range – which was configured to include the expected concentration of 
the real samples. A maximum allowable relative error of 20% for a determined 
concentration was selected as criterion to establish the LOQ, using ten calibration 
curves obtained on different days. This value was thereafter experimentally 
confirmed by measuring 18 times the LOQ concentration (in Milli-Q water) and 
calculating the measurements’ standard deviation. Preferably a surface water 
sample – without the analyte – should be spiked at the LOQ level to provide 
unequivocal evidence, but such analyte-free sample could not be found. Therefore, 
surface water samples containing caffeine concentrations close to the LOQ were 
repeatedly analysed (within the same day and on different days) and their standard 
deviation represents a reasonable evidence of the LOQ figure presented.  
The LOD was determined using an experimental approach rather than a 
probabilistic one. Several caffeine concentrations which provide a signal different 
from the blank were assayed 18 times against 18 blanks within the same plate. The 
LOD was defined as the concentration which results in the 18 signals are lower 
than the 18 signals of the blanks. This is a very conservative approach and the 
calculated LOD is most likely too high when compared with other methods, though 
this approach minimises the occurrence of both α and β errors.[274,275] 
Intraday and Interday precisions were obtained by repeat measurements of several 
real samples, on the same day and over three days (three replicates per day), 
respectively. Six water samples were selected on the basis of their caffeine 
concentration, in order to cover the full calibration range. All the beverages were 
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6.7. Reference method for caffeine 
6.7.1. LC-MS/MS method for xanthines quantitation  
The final method is summarised in Table 8. The final chromatographic conditions 
allow for the separation of theophylline and paraxanthine, which share the same 
MRM transitions.  




Phen, UltraSep ES, C18 reversed-phase 
250 mm x 2.1 mm, 5 µm 
Guard column  
Phen, UltraSep ES, C18 reversed-phase 
10 mm x 2.1 mm, 5 µm 
Oven temperature  50 °C ±  2°C 
Mobile phase A 5 mM ammonium acetate in Milli-Q water 
Mobile phase B Methanol 
Gradient 








Flow rate  0.450 mL/min 
Injection volume 30 µL 
MS parameters 
Ionisation  ESI+ 
Acquisition mode  
Static mode, MRM 
2 transitions per compound  
Dwell time 0.1 sec 
Curtain gas 30 psi (207 KPa) 
Ion source gas #1 50 psi (345 kPa) 
Ion source gas #2 70 psi (480 kPa) 
Source temperature 500 °C 
Entrance potential 10 V 
Cell exit potential  10 V 
Declustering potential 80 V 
Ion spray voltage 5.0 kV. 
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The quantitation was performed using the peak area of the most intense MRM 
transition (MRM1) and the second one (MRM2) was used for confirmation 
purposes. The compounds were identified based on the presence of both MRM 
transitions and the retention time. The mass spectrometry conditions for the 
individual compounds as well as theirs retention times are summarised in Table 9.  
 























    2.12 
Xanthine 
 
152.03 153.0 28 
110.0 (MRM 1) 









163.0 (MRM 1) 
138.0 (MRM 2) 
4.96 
Paraxanthine 180.06 181.0 35 
124.0 (MRM 1) 










96.0 (MRM 1) 










138.0 (MRM 1) 







197.09 197.8 30 
139.8 (MRM 1) 
111.5 (MRM 2) 
12.7 
 
6.7.2. Solid-phase extraction for xanthines  
The SPE was carried out using a polymeric reversed phase, Strata-X™ (200 mg, 6 
ml, 33 µm), in an automatic SPE workstation, AutoTrace™. The cartridges were 
preconditioned using two times 10 mL methanol followed by 20 mL Milli-Q water 
and loaded with 400 mL sample. Afterwards the cartridges were dried by a nitrogen 
stream (purity 5.0) for 15 minutes and caffeine eluted by 10 mL methanol. The 
methanol extract was evaporated to dryness using a nitrogen stream and the 
residue reconstituted in 400 µL Milli-Q water (concentration factor of 1000-fold). 
Although a C18 reversed phase, Bakerbond (500 mg, 6 mL), provided similar 
recoveries, the polymeric phase cartridge was selected in order to include 
additional compounds (more polar) in the same SPE procedure. Caffeine-trimethyl-
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13C was used as internal standard (75 µg/L) but the recoveries were not corrected 
since they were higher than 90% for all samples.  
 
6.8. Monitoring caffeine in water samples  
Surface water samples (approximately 1 L) were collected close to the surface, in 
brown glass bottles, stored at 4°C and analysed within 2 days. The water samples 
were filtered using folded-paper filters prior to SPE enrichment. Ten surface water 
samples were collected at different locations within Berlin: Teltowkanal (a river-
linking channel) (3 samples), Großer Wannsee (large lake, actually part of a slow-
running river) (2 samples), Schlachtensee (small lake, but not a completely closed 
system) (1 sample), Spree (Berlin’s inner city river) (3 samples), and Nikolassee 
(medium-sized lake) (1 sample). For more information on the locations along 
Berlin’s waterways refer to Heberer, 2002.[280] 
 
6.9. Monitoring caffeine in saliva samples 
The immunoassay procedure was the same described earlier (6.6.1 - Immunoassay 
procedure, page 77) but using 9 calibrators to construct the calibration curve, from 
2.5 µg/L to 150 µg/L. 
6.9.1. Saliva  collection 
Sixty samples from ten individuals were collected every hour for five hours, after the 
intake of 200 mg caffeine. The group was composed by regular caffeine 
consumers, five women and five men, three smokers and seven non-smokers, five 
were between twenty and thirty years-old, three between thirty and forty, one 
between forty and fifty and one over fifty. The saliva samples were collected directly 
into 2 mL Eppendorf tubes, vortexed, centrifuged (15 °C, 15,000 x g, 5 minutes) 
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6.9.2. Samples pre-treatment  
To remove proteins and cells from the samples two methods were tested:  
1) Ultrafiltration (diafiltration) using filters with a cut-off of 3 kDa (Vivaspin 500®, 
Sartorius);[281] 
2) Protein precipitation using an organic solvent – acetonitrile.[282,283] 
 
Twelve (12) different saliva samples from different individuals were spiked with 10 
mg/L of caffeine-trimethyl-13C3 (1.5 mL saliva + 15 µL of 1000 mg/L of caffeine-
trimethyl-13C3) and the proteins removed using both methods. From each spiked 
sample, 2 aliquots of 200 µL were passed through a Vivaspin 500® filter and 
centrifuged for 20 minutes, 15,000 x g (16,000 rpm) at 6 °C; 2 other aliquots with 
the same volume were placed into Eppendorf tubes and 1000 µL acetonitrile were 
added prior to centrifugation, under the same conditions. All the 4 aliquots were 
centrifuged simultaneously. The filtrates were diluted 100-fold in Milli-Q water prior 
to LC-MS/MS analysis and the acetonitrile extracts diluted 20-fold in Milli-Q water. 
For calculation purposes, the dilution factor for the acetonitrile extracts was 
obtained considering the thermodynamic properties of the mixtures water + 
acetonitrile at 20.0°C (293.15K) and atmospheric pressure.[284,285] 
After comparing the methods, all samples were extracted using acetonitrile and 
analysed by ELISA and LC-MS/MS on the same day, using the same calibration 
standards. The samples, as well as the control sample extracts, were evaporated 
until dryness under nitrogen stream and reconstituted in equivalent volumes of Milli-
Q water. Thereafter the extracts were diluted to fit the calibration range.  
6.9.3. Spiking experiments  
One saliva sample (t = 180 min) from each individual (n = 10) was spiked with 
caffeine and caffeine-trimethyl-13C3 (
13C3-CAF), at approximately half the caffeine 
concentration found in the original sample.  
6.9.4. Quality control samples 
The saliva samples were divided in batches of 10 elements, one batch per each 
sample time collection. The following control samples were included in each batch:  
Milli-Q water spiked with caffeine to obtain a final concentration of 75 µg/L 
(calibration curve middle concentration) and passed through all the process steps; 
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Milli-Q water was also extracted to serve as a blank control; a control standard of 
75 µg/L (prepared independently from the one used for calibration) was analysed 
together with each batch to evaluate the fit of the calibration curves. Noteworthy to 
mention is the fact that the antibody does not distinguish between caffeine and 
caffeine-trimethyl-13C (13C3-CAF) and therefore the sample could not be spiked with 
the latter. The matrix effects were evaluated using the spiking experiments 
described before (6.9.3 Spiking experiments, page 86). 
 
6.10. Monitoring caffeine in beverages, shampoos and 
caffeine tablets  
Coca-Cola®, Coca-Cola® Zero® (without sugar), Coca-Cola® caffeine-free, Club-
Mate, Becks beer Level 7 (supplemented with caffeine), and Red Bull Energy Drink 
were degassed using argon. The espresso coffee was prepared using a black 
capsule (“Ristretto”, ~ 5 g ground coffee) in a Nespresso™ coffee machine 
(Delonghi EN90). The final espresso volume was 20 mL. The filter coffee was 
obtained by dripping 250 mL water on to 15.2g coffee (“Auslese”, Melitta), using a 
coffee maker (Ideen Welt, Rossman, Germany). The tea samples (black, green, 
Earl Grey, and raspberry tea) were obtained by placing a teabag into 300 mL 
boiling hot water for 10 min. The caffeine tablet (0.450 g, 200 mg caffeine) was 
dissolved for 3 h, with stirring, in 1 L Milli-Q water pH ~ 3. The shampoo (0.510 g) 
was dissolved in 1 L of Milli-Q water. Most samples were diluted 1:1000, 1:10,000, 
or 1:100,000 in Milli-Q water; Coca-Cola caffeine-free was analysed directly, 
raspberry tea diluted 1:10 and the shampoo diluted 1:100. 
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7. Results and discussion (PART I) 
 
7.1. Caffeine derivative (CafD) characterisation 
The chemical name of the derivative is 7-(5-carboxypentyl)-1,3-dimethylxanthine 
monohydrate and the systematic name 6-(1,3-dimethyl-2,6-dioxo-2,3,6,7-
tetrahydro-1H-purin-7-yl) hexanoic acid monohydrate. 
7.1.1. Differential scanning calorimetry (DSC) 
The thermodynamic melting point of 7-(5-carboxypentyl)-1,3-dimethylxanthine 
monohydrate is 124 °C (major peak) and a second peak was observed at 106 °C 
corresponding to the loss of crystal water. Ladenson et al.[286] reported the same 
caffeine derivative – used to produce a new recombinant anti-caffeine antibody – 
with a different melting point: 129 °C. Yet, no further details are given by the 
authors regarding the synthesis, besides being based on the same reference[135] 
and outsourced to a private company (Daniel Fine Chemicals, Edmonton, Alberta, 
Canada). Furthermore, information regarding the substance clean-up, crystallisation 
and detailed procedure for the melting point measurement are not described in their 
work. Melting point determinations following Pharmacopoeia procedures – capillary 
method – produce slightly high melting points (MPpharm) than the thermodynamic 
melting point (MPtherm), which is the one here reported. This could explain the 
difference obtained by Ladenson et al. Additional data about the derivative purity, 
collected during this thesis (LC-MS/MS, crystal structure, H- and C-NMR), gives 
confidence in the MPterm obtained, 124 °C. 
7.1.2. LC-MS/MS 
The mass spectrum of theophylline (the starting material), acquired in scan mode, 
shows only 2 peaks at: m/z 181 (100%) corresponding to the protonated molecular 
ion [M+H]+; and m/z 124 (37%) resulting from the loss of a methyl group and retro-
Diels Alder (RDA) rearrangement of the ring system,[287,288] [M-OCNCH3+H]
+. The 
loss of a methyl isocyanate group (57 a.m.u) is in fact a characteristic aspect of 
some xanthine derivatives such as theophylline and paraxanthine.[289] 
Neither the intermediate ester (1g/L) nor the acid (1g/L) spectrum show the ion m/z 
181 at 5.50 min, theophylline retention time; even when the acquisition was 
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performed in SIR mode. The ester (ethoxycarboxypentyl-1,3-dimethylxanthine) 
eluted at 14.92 min and the acid (7-(5-carboxypentyl)-1,3-dimethyl-xanthine) at 
12.62 min. Two chromatograms are shown in overlay in Figure 14: theophylline 
acquired in scan mode, after extracting m/z 181 and the acid after extracting m/z 
295.  
 
Figure 14. Chromatogram of theophylline (extracted m/z 181, Scan mode) – dashed 
line and the final acid (extracted m/z 295, Scan mode) – bold line. 
 
The ESI+ spectra of the ester and the final acid are shown in Figure 15. They were 
obtained from the respective peak apex after subtracting the background noise 
(between 7 and 8 min).  
The ester spectrum shows almost equal intensities of three ions: the molecular ion 
(m/z 323.1), the sodium adduct (m/z 345.0) and the fragment m/z 277.3 while in the 
acid spectrum the molecular ion (m/z 295.3) is clearly the predominant one. All the 
m/z found in the MS spectra are summarised and associated with the 
correspondent ion structure in Table 10, providing additional confidence of the 
chemical structure and purity of the synthesised derivative. 









Figure 15. Scan spectrum of the ester (left) and of the final acid (right). The ions 
corresponding to the recorded m/z are summarised in Table 10. 
 
 
Table 10. Summary table of the products obtained during the caffeine derivative synthesis. 












R on C7 (CH2)5COOH (CH2)5COOCH2CH3 
Molecular formula C15H22N4O4 C13H18N4O4 
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7.1.3.  Crystal structure (X-ray) 
The crystal structure was reported for the first time based on data produced within 
this PhD  work,[290] helping to understand the binding of the ligands to the 
monoclonal anti-caffeine antibody. The average C—N, C—C and C—O distances 
(Figure 16) are in good agreement with those in the caffeine molecule[291,292] and 
comparable compounds, as theophylline, for example, data taken from the 
Cambridge Structural Database (CSD, version 5.27).[293,294] Analysis of the crystal 
structure shows that the molecules are linked via hydrogen bonds to result in a 
layer structure. As illustrated in Figure 17, intermolecular O—H···N and O—H···O 
hydrogen bonds, involving O atoms of aqua ligands and the N atoms of imidazole, 
and a carboxylic O atom contributed to the formation of hydrogen bonds. The 
center-to-center (DC) and the center-to-plane (DP) distances between two 
neighboring almost parallel (interplanar angle  = 0.62°) imidazole and adjacent 
pyrimidine rings are 3.545 Å (DC), 3.341 and 3.336 Å, revealing the existence of π-
π stacking interactions, which further stabilise the structure. Further details 
regarding the crystal data, including bond lengths and angles, can be found in the 






Figure 16. (top) ORTEP-3 representation of 7-(5-
carboxypentyl)-1,3-dimethylxanthine with the atomic 
labelling of the asymmetric unit and coordination 
sphere, shown with 50% probability displacement 
ellipsoids.  
 
Figure 17.(left) View of the layer array of 7-(5-
carboxypentyl)-1,3-dimethylxanthine, formed via 
strong hydrogen-bonding interactions. 
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a = 4.370(4) Å 
b = 34.55(4) Å 
c = 9.960(9) Å 
alpha = 90° 
beta = 93.21 
(3)° 
gamma = 90° 
b = 93.21(3) ° 
Formula weight 312.33 312.33 




















H-NMR spectrum of 7-(5-carboxypentyl)-1,3-dimethylxanthine. 
 
The 1H-NMR spectrum (400 MHz, solvent DMSO) shows the following signals: δ = 
1.3 (2H, multiplet, CH2), 1.5 (2H, multiplet, CH2), 1.7 (2H, multiplet, CH2), 2.5 (2H, 
triplet, CH2), 3.2 (3 H, singlet, CH3), 3.4 (3 H, singlet, CH3), 4.2 (2H , triplet, CH2), 
8.1 (1 H, singlet, CH). 
The 13C-NMR spectrum (400 MHz, solvent DMSO) shows the following signals: δ = 
23.8 (CH2), 25.1 (CH2), 27.6 (N-CH3), 29.4(CH2), 33.4 (N-CH3), 39.8 (CH2), 46.0 
(CH2), 105.9 (C-C-N), 142.4 (C-H), 148.4 (N-C-N), 151.0 (Amid-C=O), 154.3 
(amide C=O), 174.3 (COOH). 
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7.2. Tracer characterisation  
7.2.1. Coupling ratio 
The characterisation of enzyme/hapten coupling ratios was achieved using several 
techniques: MALDI-TOF/MS, LC-MS and CZE-UV. The results are presented by 
individual technique within this section and summarily compared at its very end 
(7.2.1.iv - Summary – Coupling ratios, page 102)    
i. MALDI-TOF/MS 
The main advantage of the MALDI interface is that it allows the detection of the 
“full” molecule, i.e., the soft ionisation causes little or no fragmentation of the 
analytes, allowing the detection of the molecular ion. In such way, the enzyme 
mass as well as the conjugates can be directly obtained from the spectra without 
further treatment, as opposite to electrospray ionisation where protein 
reconstruction software is needed. 
 A typical MALDI-TOF/MS spectrum is shown for the unmodified peroxidase (native 
HRP) and a coupled one (tracer) in Figure 19. The molecular ion was always the 
most intense peak, followed by two minor ones: a double-charged molecular ion – 
with half the molecular ion m/z value – and a cluster of two molecular ions, with a 
double m/z value.  
 
Figure 19. MALDI-TOF/MS spectra of native HRP (unmodified horseradish peroxidase) – 
red line; and a tracer (conjugated HRP) – blue line. Three major ions are found in each 
spectrum: The molecular ion [M]
 +
, a doubled-charged molecular ion [M]
2+ 
and a cluster of 
two molecular ions [M-M]
 +
.  
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The differences on the masses between the tracer and the HRP can be calculated 
from any of the spectrum peaks. No significant differences were found when the 
coupling ratios were calculated based on any of these three different peaks and 
therefore the most distinct one – the molecular ion – was chosen for the calculation.  
The tracer coupling ratios were calculated after fitting the MALDI-MS spectrum with 
a Lorentz function (m/z fitting range: 30,000-60,000), and taking the apex of the 
peak. Additional information about the distribution of the coupling ratios, i.e. the 
coupling ratio range can also be obtained when the minimum and the maximum 
masses are taken into account (Figure 20). From the figure mass values, an 
average coupling ratio – for the represented tracer – can be determined as 2.4 
molecules of hapten per molecule of peroxidase (the mass difference is 706 a.m.u. 
divided by the hapten mass, 294.4). Using the minimum and the maximum from 
both peaks, an interval of coupling ratios can be obtained starting at 0.4 and having 
the maximum at 4.1 hapten molecules per molecule of HRP.  The minimum and the 
maximum mass values were obtained at 3-fold the signal of the baseline (taken at 
35,000).  
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Figure 20. Detailed view of the m/z interval (30,000 – 60,000) illustrating the obtained raw 
spectra for tracer and native HRP and the Lorentz fitting (A); the calculations were 
performed using the fitted curves (B) by taking the peak apex and the beginning and end of 
the peak at 3 times the signal of the respective peak baseline intensity (illustrated by the red 
circles). The area under the tracer curve is filled in grey for better visualisation.     
 
The coupling ratios for all the produced tracers are summarised in Figure 27 (page 
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ii. LC-MS  
The supremacy of LC-MS over MALDI-MS is the fact that the first permits a 
previous separation of the analytes. As a reversed-phase column for protein 
separation was used (Prot RP 18S), requiring an organic solvent for the elution, the 
enzyme is (partially) unfolded during the chromatographic run and what is more, it 
looses the heme group and the two calcium ions. The unfolding has no practical 
implications on the final mass, except for the downwards mass-shift caused by the 
dislodgement of the heme group and the two calcium ions.   
A typical chromatogram of HRP (0.5 mg/mL) is shown in Figure 21 after extracting 
the m/z range 600 to 2900. The peak of the heme group elutes at 9.9 min whereas 
the apo-enzymed elutes at 13.3 min. The respective UV spectra are represented to 
show the maximal wavelength and also that a minor amount of enzyme molecules 
still keep the heme group, as proved by the absorption of the apo-enzyme peak at 
~400 nm (RT = 13.3 min).  
The mass spectrum of the peak at 13.3 min was taken for both, the different tracers 
and HRP and it is depicted in Figure 22-A. Observably, the obtained multicharged 
ions show already obvious differences between the tracer’s ion masses – shifted to 
higher masses – and the ones of native HRP. When the spectra are reconstructed, 
using the Bayesian Protein Reconstruction add-in feature from the Analyst™ 
software, the protein mass range can be determined as illustrated in Figure 22-B. 
The mass peaks were fitted using the Lorentz function and analysed the same way 
as the MALDI ones: taking the peak apex, the minimum and the maximum (at 3-fold 
the baseline signal).  
 
                                                 
d
 apo-enzyme should be used exclusively for the protein part of the enzyme, without the prosthetic group. In this 
case, as some of the molecules retain the heme, a mixture of species exists: the apo-enzyme and the holoenzyme. 






















Figure 21. Top: Chromatogram of 10 µL HRP 0.5 mg/mL. The chromatogram was obtained 
after extracting the m/z range 600 to 2900 from the full scan spectrum. The first peak at 2.11 
min corresponds to unretained solutes and the solvent front; the heme group elutes at 9.94 
min and the apo-HRP at 13.3 min. Bottom: The UV spectra were taken at the apex of the 






UV/Vis (RT=9.9) UV/Vis (RT=13.3) 

























Figure 22. (A) Mass spectra of a tracer and the native HRP (at 13.3) showing the region m/z 
1400 to m/z 2800.  (B) Reconstructed tracer and HRP masses, from the spectra 
represented in A, after Bayesian Protein Reconstruction (k). The tracer is represented by 
the blue line while HRP spectrum is depicted in red. Lorenztian fitting is in both cases 
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Albeit the spectra being analysed likewise the MALDI ones, more information about 
the coupling ratios distribution can be obtained due to the chromatographic 
separation. The conjugated peroxidase (tracers) elutes a few seconds later than the 
native HRP (Figure 23) and the peaks of the tracer are broadening as the coupling 
ratio interval increases, revealing the different species inside the tracer mixture. The 
mass spectra for the tracers were thus obtained from the entire peak – to 
encompass all the coupling ratios – starting and finishing at 3-fold the signal of the 
baseline. The final reconstructed tracers’ spectra as well as the ones from different 
concentrations of HRP are represented by. The mass broadening caused by the 
different coupling ratio intervals is evident: the higher the peak broadening, the 
higher the coupling ratio interval.  
 
Remark: The masses correspond to the apo-HRP and the apo-Tracer, without the 
heme group and the calcium ions.  
 
 
Figure 23. Chromatograms obtained after extracting m/z range 1400-2800. The red line 
represents the native HRP (0.5 mg/L) and the blue line a tracer dilution to obtain 
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Figure 24. Reconstructed mass spectra from LC-MS, for different concentration of HRP and 
the different tracers synthesised.  
 
iii. Capillary Zone Electrophoresis (CZE) 
The different coupling ratios formed during conjugation could be separated, even if 
not baseline-resolved, and the resulting peaks integrated. The peak areas could 
therefore be compared, providing additional information vis-à-vis the coupling ratio 
interval and roughly the relative amount of each of them in the mixture (Figure 25).  
The tracer represented in Figure 25, has a coupling ratio interval between 1 and 
probably 4. No unconjugated HRP can be “seen” in this tracer – the migration time 
of a coupling ratio zero (0:1) is equal to the one of the native HRP. The coupling 
ratio 1:1 could only be assigned to peak 1 because MALDI-MS and (or) LC-MS data 
was available, showing that the interval of masses starts just about the value of 1 
hapten molecule per molecule of peroxidase.  
Although very valuable, CE-UV data cannot stand alone for the determination of 
coupling ratios; it requires previous mass data from MALDI-MS or LC-MS. 













Figure 25. Electropherograms of native horseradish peroxidase (HRP) and a tracer (HRP-
conjugate) using detection at 405 nm. The HRP-conjugate shows several peaks, possibly 3 
or 4, and the integration of 3 of them is shown in detail on the enlargement represented on 
the right-hand side. Three peaks can be clearly seen and a fourth one could not be fitted 
inside the curve, though the specie might be present in a very low concentration. The 
migration times of the peaks are the following, with the relative area indicated under 
brackets: peak 1: 7.5 min (16%); peak 2: 7.7 min (37%); peak 3: 8.1 min (47%). 
 
Using the electrophoretic migration time together with the MALDI-MS and LC-MS 
data, it is possible to approximately determine the relative amount of each coupling 
ratio within the same tracer, i.e., to know the coupling ratio distribution present in 
each tracer. For that, the peak areas of each coupling ratio (Figure 25) are 
calculated as a percentage of the total peaks’ areas and, a distribution like the ones 
represented in Figure 26, is obtained.  
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Figure 26. Distribution of the different coupling ratios within each of the tracer preparations. 
The bars represent the relative area of the peak and their sum equal to 100% for each 
individual tracer. Tracers represented by TraXA were obtained by the NHS-DCC method 
whereas the TraX were obtained using the mixed-anhydride method. The stoichiometric 
coupling ratios used for the syntheses were 1:100 (Tra1, Tra1A); 1:50 (Tra2, Tra2A); 1:20 
(Tra3, Tra3A); 1:5 (Tra4, Tra4A) and 1:0 (Tra5, Tra5A).  
 
iv. Summary – Coupling ratios 
The coupling ratios obtained from all the methods are very alike, with the MALDI-
TOF/MS outcome showing broader coupling intervals (Figure 27). The reason for 
this can be the absence of a previous separation and also, the difficulty in finding 
exactly the same “concentration” of HRP and tracer in the spots of the sample slide. 
In any case the results disclosed in Figure 27 reveal a good correlation between the 
methods employed and permit the use of just one of them in future works.  
Either method seems equally effective for the coupling reaction and in producing 
conjugates with equivalent coupling ratios. Yet, some minor differences can be 
deducted from Figure 27: The mixed-anhydride method generates tracers with 
coupling ratios average of ~ 3 for the three trials with stoichiometric ratios of 1:100, 
1:50 and 1:20, whereas the NHS/DCC method seems to required, at least an 
excess of 50-fold of the hapten to generate the same coupling ratio. The 
synthesised tracers present enough coupling ratio variability to test for its influence 
in the overall immunoassay performance.  
 















Figure 27. Coupling ratios obtained for 10 different tracers using three different analytical 
tools: LC-MS, MALDI-TOF/MS and CZE-UV. The tracers produced are divided into two 
groups according to the conjugation method used: NHS/DCC and the mixed-anhydride; the 
stoichiometric reagent ratios, used in the coupling reaction, are mentioned on the first 
column from the left, decreasing from 1:100 until 1:0 (without the hapten).  
 
7.2.2. Determination of the concentration  
A number of previous considerations must be made for a good understanding of the 
problem complexity:  
– Protein concentrations are usually determined either by the Bradford methode  or 
by reading the absorbance at 280 nm.[295] The last one is very common when small 
volumes are available as, after reading, the solution can be easily recovered and 
reused.  The concentration of a protein solution can be therefore calculated either 
by the Lambert-Beer law (at 280 nm) or by an external standard calibration curve, 
with the same protein as standard or another similar to the one being quantified.[295] 
For this work this was not possible because the coupled hapten has its maximum 
absorption at 275 nm. Nevertheless, the data obtained at 280 nm was analysed and 
it is presented here as it provides useful information about the coupling ratios. 
                                                 
e
 Based on the pH-dependent binding of a dye (coomassie brilliant blue G-250) to the protein: absorbance max. at 
595 nm.  
Haptens per molecule of HRP 
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– Having a heme group with a maximal absorption at 405 nm, HRP conjugates 
(tracers) could be easily quantified using this wavelength, if only the UV-spectral 
behaviour would not change during the conjugation and tracer purification steps. 
Changes were perceived for the blank tracers (Tra5 and Tra5A) spectra when 
compared to the native HRP ones, in the same buffer (PBS). Mostly, the ratio 
A405/A280 – usually referred to as the Reinheitszahl number, RZ – is much lower 
in the HRP passed throughout the conjugation process, i.e. in the blank tracers, 
than in the native HRP. Since the hapten is not present in solution, a likely 
phenomenon which might explain this RZ decrease is the effect of the organic 
solvent on the displacement of the heme group in HRP molecules. In any case, 
measuring the tracers at 405 nm means measuring the active enzyme in the 
solution, which for the aim of this work – comparing different tracers on the ELISA 
performance – is the gist. 
 
i.  CZE-UV  
Using capillary zone electrophoresis (CZE), the tracer protein concentrations were 
quantified at two different wavelengths: 280 nm and 405 nm, using either the peak 
height or the peak area. The method used for determining the coupling ratio was 
slightly modified here (higher current) to minimise the peak broadening – caused by 
the different coupling ratio intervals inside each tracer mixture.  
The concentrations obtained using absorbance values at 280 nm were always 
higher than concentrations obtained at 405 nm, except for the blank tracer – without 
the hapten coupled – as for the HRP standards when read as unknown samples in 
the calibration curve. This means that the higher absorbance at 280 nm is most 
likely caused by the absorbance of the coupled hapten. Indeed, the higher the 
coupling ratio, the higher the difference between the concentrations obtained at 
both wavelengths. And a linear correlation between coupling ratio average and the 
relative differences between the two wavelengths gave a correlation coefficient of 
0.80.  
Integration by peak height led always to lower concentrations than when the peak 
area was used, irrespectively of the wavelength employed. This expected effect is 
caused by the coupling ratio distributions as illustrated by Figure 28, where the 
tracer’s electropherograms are plotted together with HRP standard solutions.  
 







Figure 28. Electropherograms 
of HRP standards (from 0.625 
mg/L up to 7.0 mg/L) and 
three tracers, illustrating the 





ii. LC-UV and LC-MS  
The presence of acetonitrile in the mobile phase causes the heme group 
displacement in a concentration-dependent mode. Such occurrence was positively 
used to quantify the tracer’s concentration alongside with the remaining enzyme 
part, the hereafter called “apo-tracers”.  
The free heme group could be detected using UV (both 280nm and 405 nm) and 
mass spectrometry, either using the m/z value of the molecular ion (m/z 607) or its 
cluster (m/z 1232). When UV detection was used, whichever peak integration mode 
was chosen, the obtained tracer concentrations were always the same. Mass 
detection gave slightly lower values in most of the cases but not in all of them. In 
any case the differences are very acceptable as shown in Figure 30 (page 107).  
Opposite was the outcome when the apo-tracers were used, which undergo similar 
problems with the coupled-hapten absorption as the ones afore-described for the 
CZE. The UV detection at 280 nm generates very high concentrations when 
compared with the other methods, in fact it turned out the highest concentrations 
registered. Likewise CZE, the peak broadening caused by the different coupling 
ratios inside the same tracer solution, leads to a difference when the calibration is 
based on peak areas or peak heights. Yet, less noticeable than in the CZE case, as 
the separation resolution between the species is also less powerful with reversed-
phase chromatography.  When the detection is performed by mass, extracting the 
m/z range 1500-2800, the obtained concentration are rather comparable to the 
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ones found using the heme mass. Figure 29 represents the chromatograms 
obtained using the m/z range 1500-2800 (apo-tracers) and the heme group m/z, 
and aims to show that the heme group peak has similar shape and retention time 
for all the tracer while some differences can be observed in the apo-tracer ones, 












Figure 29. LC-MS chromatograms for all the tracers. The coloured chromatograms were 
obtained after extracting the m/z range: 1500-2800 whiles the black ones where obtained 
via extraction of the m/z 607 ion (heme group).  
Part I – Caffeine                                                                                                                        Results and discussion  
 107 
 
iii. UV-Vis spectroscopy 
The tracers were also measured directly in PBS buffer in a UV-Star™ microtitre 
plate by UV-Vis (280 nm and 405 nm) and as expected the concentration obtained 















Figure 30. Final concentration found for the produced tracers using different analytical 
techniques and detection modes. The legend is presented on the right-hand side, where 
each analytical technique is represented by a different colour and detection at 280 nm is 
always represented by half-filled symbols while at 405 nm by bold ones. Mass detection is 
represented by bold black symbols. The wavelengths or the m/z are represented within 
brackets and the letter after the comma is the peak integration mode: area (A) or height (H). 
The dashed-line separates the hapten-conjugated tracers (left) from the ones without the 
hapten – blank tracers (right). Two grey-lined squares were included to show the variability 
of concentrations in a tracer with a high coupling ratio (Tra1A) in comparison with a zero-
coupled blank tracer (Tra5A).  
The numbers inside brackets in the x-axis are the average coupling ratio, of the respective 
tracer, obtained by MALDI-TOF/MS.    
Some redundant data was excluded from the picture: LC-UV of the heme at 280 nm (peak 
integration by area and height) and at 405 nm (integration by peak height) have similar 
results to the represented LC-UV (405), heme, A (bold red right-triangle); the cluster of the 
heme group by MS has the same outcome as the heme molecular ion itself and was 
therefore omitted (LC-MS, heme, 616).  
 
To sum up: 
Determination of HRP-based tracers should be preferentially performed at 405 nm 
or using mass spectrometry detection, based on the released heme group.  
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7.2.3. Tracer coupling ratio influence on ELISA 
When the tracers were diluted to obtain equal concentrations (using the 
concentration values obtained at 405 nm, heme group, by LC-MS), no differences 
were found neither in the enzyme activity nor on the ELISA sensitivity. As Figure 31 
shows, the different tracers give similar curves and the C-values (indicative value 
for sensitivity) are not significantly different. This systematic study of the tracers 
was performed after recognizing in previous experiments that the coupling ratio 
hapten/enzyme did not seem to play an important role on the assay performance. 
Though some more studies are required, the obtained data strongly advice against 
such extensive and time-consuming studies in future ELISA development 
processes.  
 
Figure 31. ELISA calibration curves for the synthesised tracers. The bold-symbols represent 
the tracers obtained using the NHS/DCC method whereas the open-symbols the mixed-
anhydride coupling. The MALDI-TOF/MS average coupling rates are indicated within 
brackets, after the tracer designation. Blank tracers (Tra5 and Tra5A) are not represented 
since they do not bind to the antibody, as expected. The C-values, obtained from the logistic 
fitting curve are indicated on the right side of the legend to allow sensitivity comparisons.  
 
The coupling ratio hapten/peroxidase does not seem to influence the overall 
sensitivity of the newly developed caffeine immunoassay.   
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7.3. Polyclonal antibody immunoassay 
The immunoassay setup and optimisation using the anti-caffeine polyclonal serum 
from sheep was extensively discussed in a diploma thesis.[296] Therefore, the details 
regarding the optimisation of the assay – which follow the same procedures used 
for the monoclonal antibody – are omitted here.  
After testing several buffers (carbonate, Tris, PBS) as well as different pH during 
the different steps of the assay, the best C-value (best sensitivity) was achieved by 
using PBS buffer pH 7.6 during the anti-serum and the tracer incubation steps. 
Carbonate buffer did not even permit the establishment of a calibration curve.  
Anti-caffeine serum and tracer dilution were optimised to provide an acceptable A-
value (maximal absorbance) between 0.5 and 1 and thereafter the best C-value. A 
75,000-fold dilution for the anti-serum and a 10,000 fold dilution for the tracer were 
found to be the optimal conditions. Typical C-values range from 1.8 to 9 µg/L using 
the aforementioned conditions. The sensitivity could have been further optimised, 
same manner as for the monoclonal antibody (7.4 - Monoclonal antibody (mAb) 
immunoassay, page 114), but the encountered matrix effect when real samples 
were measured discouraged such a time investment. A typical routine calibration 
curve is depicted in Figure 32, with a resulting C-value of 7.5 µg/L.  
 
 
Figure 32. Calibration curve obtained with the anti-caffeine polyclonal serum from sheep. 
The curve parameters are:  A = 0.618, B = 0.914, C = 7.5, D = 0.020, R
2
 = 0.9998.  
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7.3.1. Surface water samples monitoring  
Three surface water samples collected from the Teltowkanal in Berlin-Adlershof 
(Lat.: 52°25’33.8232’’; Long.: 13°31’36.5046’’) were analysed using the polyclonal 
immunoassay and compared with the reference method afore-described (6.7 -
Reference method for caffeine, page 83). The outcome is summarised in Table 12. 
 
Table 12. Caffeine concentration in surface water samples from Teltowkanal (Berlin-
Adlershof) collected on the 27
th
 August 2007 and analysed using the polyclonal (pAb) 






 Caffeine [µg/L] 
Teltow 1 12 0.062 
Teltow 2 3.5 0.080 
Teltow 3 3.4 0.13 
 
An overestimation is evident from the table values. Some cross-reactant was 
suspected to be the cause and hence several related compounds were tested as 
described beneath.  
 
7.3.2. Cross-reactivities (pAb) 
The caffeine-related xanthines presented relatively low cross-reactivities: 
Paraxanthine (0.23%), theophylline (4.5%), theobromine (2.3%) and xanthine 
(<0.008%) as well as other chemically similar compounds the cross-reactivities of 
which are detailed jointly with the ones from the monoclonal antibody assay in 
Table 14 (page 116). Moreover, the concentrations of the other xanthines in surface 
water are relatively low to justify such overestimation. To illustrate the unlikeliness 
of xanthines causing such an effect, Table 13. was produced. Xanthines’ 
concentrations in the tested water samples are not sufficiently high to explain such 
overestimation. Interesting is the fact that the compound with the highest cross-
reactivity (theophylline) is the one found in lower concentrations in the analysed 
waters and the highest concentrations were found for the lowest cross-reactant 
(xanthine).  
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Table 13. Concentrations of several xanthines in water samples from the Teltowkanal, 
Berlin, measured by SPE-LC-MS/MS. (*) These values were obtained by multiplying the 
concentration of the compound in the sample by the compound cross-reactivity. By doing 










Caffeine 100 0.062 0.080 0.13 
Paraxanthine 0.23 0.010 0.010 0.022 
Theophylline 4.5 <0.005 <0.005 0.005 
Theobromine 2.3 0.016 0.021 0.054 
Xanthine <0.0008 0.23 0.27 0.32 
 
Expected concentrations given as caffeine equivalents(*) in µg/L 
Paraxanthine 2.3E-05 2.4E-05 5.0E-05 
Theophylline < 2.3E-04 < 2.3E-04 2.3E-04 
Theobromine 3.8E-04 4.8E-04 0.001 
Xanthine 1.8E-06 2.1E-06 2.5E-06 
Sum 6.3E-04 7.4E-04 0.0015 
 
A vast number of compounds present in water, known and unknown ones, would 
have had to be tested in order to find the cross-reactant(s). The most evident 
substances were tested, like the purines guanine and adenine (nucleic bases). By 
sharing the xanthine ring and conceivably being present at high concentration in an 
aquifer – DNAs and RNAs – it would be reasonable expecting them to be the 
overestimation cause.  Yet, insignificant cross-reactivities were found with some 
exceptions from the tri-phosphate forms, particularly guanosine-5'-triphosphate 
(GTP) with a cross-reactivity of 0.18%.  
GTP besides presenting a carbonyl function on the same position as caffeine, 
which adenosine itself lacks, has the residual sugar bonded to the purine ring via 
C7, i.e. the same position used for conjugating the CafD with the enzyme and 
producing the tracer – via a carbon chain spacer and an amide bond. The CafD 
cross-reactivity is 1100%, meaning that it is binding more effectively to the antibody 
than caffeine itself – as expected, given that it was the immunogen used for raising 
the antibody. 
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7.3.3. The calibration range  
In addition to the cross-reactivity, the calibration curve was also checked as a 
possible reason for the deviation on caffeine concentration.  
Typically, immunochemists use a 4-parameter sigmoidal curve to fit calibrators with 
a 10-fold concentration difference between them, over a range of concentrations 
wider than at least 8 orders of magnitude (e.g. from 0.01 to 1000 µg/L). Taking into 
account that for establishing such a calibration, six calibrators were used and for 
the reference method (LC-MS/MS) the same number of calibrators is used to cover 
a shorter calibration range (typically from 5 to 100 µg/L), a question can be posed 
regarding the calibration itself. This was checked by establishing an immunoassay 
calibration using 7 calibrators (Figure 33-A) and 16 calibrators (Figure 33-B), all of 
them read on the same plate (same absorbance), and analyzing 10 aliquots from a 
surface water sample and 10 aliquots of the same sample spiked with 20 µg/L 
caffeine. The native sample had a concentration of 4.47 µg/L (± 9.4%) using curve 
A and 4.85 µg/L (± 9.8%) using B; and the spiked sample  24.6 µg/L (± 7.3%) using 
curve A and 26.2 µg/L (± 6.6%) using B.   
Although the results are not different enough to justify the overestimation found for 
the polyclonal serum, they are significantly different to illustrate how important the 
range selection is for the final result accuracy. Using curves like the one 
represented by A (Figure 33) should be progressively abandoned in quantitative 



































Figure 33. Calibration curves obtained using the frequently used calibration standards in 
ELISA (A) and using a larger amount of calibrators within the quantitation range (B). Curve 
(A): A = 0.448, B = 0.991, C = 1.3, D = 0.060, R = 0.9992; and (B): A = 0.447, B = 0.914, C 
= 1.3, D = 0.056, R
2
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7.4. Monoclonal antibody (mAb) immunoassay 
The foremost results obtained using the monoclonal antibody were already 
published[167] and  are here described in more detail. 
7.4.1. Antibody selection  
Two monoclonal antibodies were tested. One did not bind to the synthesised tracer. 
Relying on the information provided by the antibodies suppliers, no difference is 
found regarding the immunogen chosen to produce anti-caffeine antibodies, in fact 
all suppliers state to have used keyhole limpet hemocyanine (KLH) coupled with 7-
(5-carboxypentyl-)1,3-dimethyl-xanthine,[297] the same caffeine derivative used to 
produce the tracer. If this information was trustworthy, the produced tracer should 
bind to all the antibodies available on the market.  
After testing the antibody supplied by Fitzgerald (Ab2 in Figure 34) an extensive 
analysis to all the antibodies available in the market was done and it was found that 
even though they assert to have used the same immunogen, they present different 
values of cross-reactivities. From that information, obtained from the antibodies 
datasheets, two general groups of monoclonal antibodies can be established: a 
group where the caffeine derivative (7-(5-carboxypenthyl-)1,3-dimethylxanthine) 
was synthesised from theophylline, i.e., the same used for the tracer synthesis; and 
another group where the derivative was probably produced using paraxanthine as 
major building block, a possible 3-(5-carboxypenthyl-)1,7-dimethyl-xanthine 
derivative. The USBiological antibody (Ab1 in Figure 34) belongs to the first group, 
while the Fitzgerald (Ab1 in Figure 34) to the second one. The major xanthine 
cross-reacting with the first group of antibodies is theophylline, while with the 
second one is paraxanthine. This means that if a caffeine derivative is produced 
using paraxanthine as building block, instead of theophylline, the resulting tracer 
would probably bind to the second group of antibodies (to which the Fitzgerald 
antibody belongs).  
Further experiments were not conducted in this field because: 1) being 
paraxanthine the major caffeine metabolite, the antibody with the lowest cross-
reactivity towards paraxanthine was selected; 2) paraxanthine is very expensive 
when compared with theophylline, which creates some restriction when large 
amounts of tracer are to be produced, relevant for the prospective 
commercialisation of the assay. 
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Figure 34. Binding of the tracer 
to two antibodies: the one used 
in the immunoassay (Ab1) 
supplied by USBiological and 
the first antibody tested (Ab2), 
which does not bind to the 








7.4.2. Cross-reactivities (mAb) 
The monoclonal antibody (mAb), from USBiological, and the polyclonal antibody 
(pAb) were tested for cross-reactivity with compounds structurally related to 
caffeine. The cross-reactivity results for both are summarised in Table 14 to provide 
comparison readability. Paraxanthine, the major liver metabolite of caffeine, 
advantageously presented a very low cross-reactivity of 0.08%, for the mAb. 
Furthermore the cross-reactivities for all compounds structurally related to caffeine 
are well below 5% when this antibody is used. 
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Table 14. Cross-reactivities (molal), in percent, for several compounds in two caffeine 
immunoassays using a commercial mAb and pAb, respectively. (*) Adenine, guanine and 
deoxyadenosine triphosphate (dATP) show the same low cross-reactivity as xanthine and 














































218 ± 10.0% 1108 ± 138% 
dGTP  2564-35-4 
 
0.04 ± 0.003% 0.18 ± 0.02% 
Adenosine  58-61-7 
 
0.03 ± 0.01% <0.008% 
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7.4.3. Matrix effects 
In initial experiments (6.6.3.i – Previous experiment, page 78), low recoveries were 
observed for the Teltowkanal samples (43%), the tap water (56%), and the highly 
mineralised water (59%), whereas Milli-Q water (102%) and a low-mineralised 
mineral water (96%) showed acceptable caffeine recoveries by ELISA. In contrast, 
the SPE–LC–MS/MS results showed good recoveries for all samples (above 80%) 
hinting for an effect of the sample mineralisation on the ELISA rather than on the 
analyte itself. Consequently 11 mineral waters (with different mineralisation and 
spiked with 1 µg/L caffeine) were analysed and a significant correlation was found 
between caffeine recovery and calcium concentration (R2 = 0.974), electric 
conductivity (R2 = 0.936) and the total dissolved solids at 180 °C (TDS, R2 = 0.966), 
as illustrated in Fig. 1, which shows the calcium concentration as an example of 
such correlationsf. Sodium (R2 = 0.019), chloride (R2 = 0.204), the pH (R2 = 0.340), 
and to some extent also sulphate (R2 = 0.608) did not show a significant effect on 
the assay performance in the ranges tested (for details please refer to Table 6, 






Figure 35. Correlation between 
the calcium concentrations in 
different mineral waters and the 
caffeine recovery in the 
respective sample. The points 
were correlated using a 1
st
 
order exponential decay fitting: 
Caffeine Recovery = 88.2*e
(-
[Ca2+]/50.9)





                                                 
f
 The statement reports to an observation, being clear that a sample with a high mineralization will consequently 
have a high electric conductivity and a high content in TDS.  
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7.4.4. Calcium effect  
The spiking experiments with calcium using a low mineralised water (Lausitzer, 
12.5 mg/L Ca2+, 97.8 μS/cm) (6.6.3.iii – Effect of the calcium concentration, page 
79) are summarised as a bi-histogram in Figure 36, and clearly show the inverse 
correlation between the calcium concentration/sample mineralisation and caffeine 
recovery (R2 = 0.910). Yet, again the caffeine recoveries measured by LC–MS/MS 
were reasonably constant, irrespective of calcium concentration/sample salinity (R2 
= 0.264). 
Two possibilities have been envisaged to overcome this assay drawback: 
1) Removing the calcium by adding excess of EDTA to the sample (described in 
6.6.3.iv – Effect of EDTA addition, page 80). The results summarised in Figure 36 
show a positive effect on the recovery when 51 mM EDTA is added, with the 
exception of the highest concentrations: 500 and 1000 mg/L (~12.5 mM and 25 
mM, respectively). For these concentrations the opposite effect was observed. 
2) Increasing the buffer salinity by adding NaCl (tenfold more concentrated than in 
regular Tris buffer). When the concentration of NaCl in the Tris buffer (10 mmol/L 
Tris, 15 mmol/L NaCl) was increased to 150 mmol/L, the aforementioned drawback 
was overcome, as illustrated by the recoveries in Figure 36. It was also interesting 
to observe that the ELISA signal (OD) and sensitivity were considerably enhanced 
when the NaCl concentration was increased (data not shown). For higher 
concentrations of Tris no improvement was observed. The final buffer has a pH of 
8.5 and an electric conductivity of 15.7 mS/cm . The highest electric conductivity 
found in the surface waters analysed was 1.8 mS/cm. 
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Caffeine Recovery  (%) 
LC-MS/MS ELISA  without additives ELISA + EDTA ELISA + 150 mM NaCl
 
Figure 36. Bi-histogram representing caffeine recovery (in %) in a mineral water spiked with 
different calcium concentration and a constant amount of caffeine (1 µg/L), when measured 
by LC-MS/MS and ELISA. The bars on the left-hand side represent the recoveries obtained 
by LC-MS/MS and the ones on the right-hand side the recoveries obtained by ELISA: 
without additives adding to the Tris buffer (black bars); when 51 mM EDTA was added 
(hatched bars) and after adding 150 mM NaCl (open bars). The calcium concentration, in 
mg/L, is indicated by the numerals between the LC-MS/MS recovery bars, left to the y-axis.  
 
In the last experiment described in the methods section (6.6.3.v – Calcium effect vs 
sample mineralisation, page 80) concerning the calcium concentration/sample 
mineralisation, in sample Lausitzer 1 (1000 mg/L Ca2+, 1756 μS/cm) only, a low 
caffeine recovery was obtained (40%); Lausitzer 2 (12 mg/L Ca2+, 1746 μS/cm) 
despite the high salinity shows 86% recovery, which is closer to the value obtained 
with the control sample, Lausitzer 3 (96%). These results suggest an effect of 
calcium on the immunoassay when solutions with low buffering capacity are used. 
This effect was not observed when the high-salinity buffer was used. 
 
7.4.5. Temperature effect  
The assay was performed at three different temperatures: 4°C, 20°C (room 
temperature), and 37°C. It was observed that the higher the temperature, the higher 
the signal. Likewise the C-value and D-value increase by increasing the 
temperature. Each calibration standard was analysed in triplicate and the mean 
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relative standard deviation (RSD, %) of all signals also increases with the 
temperature: 4 °C (1.7%), 20 °C (2.7%) and 37 °C (4.9%). The curves are 
summarised in Figure 37 and the sigmoidal curve’s parameters are described in the 
respective caption. Room temperature (20°C) was selected because besides 
providing acceptable results it is less bothersome for routine use. 
 
Figure 37. Incubation temperature effect on the ELISA. Obtained values for the curves at 
[37 °C]: (A) = 2.184, B = 0.964, C = 1.016, D = 0.087; [20 °C]: A = 1.657, B = 1.011, C = 
0.264; D = 0.061; and [4 °C]: A = 0.966, B = 0.906, C = 0.145, D = 0.033.  
 
7.4.6. Calibration curves 
The water samples were measured using the “lower-range” calibration (Figure 38-
A) and the beverages quantified by using the upper range (Figure 38-B). The saliva 
samples were measured with the calibration starting at 2.5 µg/L instead of 1 µg/L.  
























Figure 38. Calibration curves for the lower-range (A) and upper-range (B). (A) ELISA 
calibration curve – lower range – used to quantify the water samples. The first standard 
shown is the method LOD (0.001 µg/L) which is not included in the calibration fitting. The 
LOQ – 0.025 µg/L, is the first standard of the working range which reaches until 1 µg/L. The 




(B) Calibration curve – upper range – used to 
quantify the beverages, shampoo and caffeine tablet solution (R
2 
= 0.9995). The right axis in 
both graphs represents the relative error of concentration calculated from the precision 
profile;
[279]
 the obtained points are represented by the open triangle. 
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7.4.7. Fitting models for binding assays  
The calibration curve model used in immunoassays has been seen almost as an 
axiom: in the past two decades the sigmoidal fitting has been widely used assuming 
it to be the most apt one. The reason seems to be a mixture between historical 
practice and the function usefulness itself.  
Several fitting models (6.6.6. - Fitting models for binding assays - Table 7, page 81) 
were tested to endorse the sigmoidal fitting (logistic function) because the topic has 
not drawn proper attention being the literature on this field pretty scarce.[298-301] Two 
calibration working ranges were tested for the best fitting: a lower-range (from 0.010 
µg/L to 2.5 µg/L) and an upper-range (from 2.5 µg/L to 200 µg/L, here called 
extended range; and a reduced upper range until 150 µg/L).  
i.  Upper-range fitting  
Hyperbolic, allometric and sigmoidal logistic functions, as well as exponential decay 
functions of 2nd and 3rd orders seem to fit properly the calibrators of the upper-
range, while the sigmoidal Boltzmann dose-response curve and the exponential 
decay function of 1st order can only be used if the range is reduced, for example by 
starting at 10 µg/L instead of 2.5 µg/L (Figure 39). The power curve is inappropriate 
for use in the assays. Nineteen calibration curves were analysed and Figure 39 

























Figure 39. (A) Fitting models tested for 
the upper-range calibration curve. All 
curves but three are represented by a 
black bold line: hyperbolic, allometric, 





orders; The three exceptions are the 
Power curve (dotted line), the 
Boltzmann dose-response curve 
(black dashed line), and the 
exponential decay 1
st
 order (grey bold 
line); these last two functions are 
overlapping for most of the fitting 
range. The insert graph on the top-
right side of A corresponds to the 
linear curve fitting after logarithmic 
transformation.  (B) Enlargement of 
the fittings between 0 µg/L and 50 
µg/L caffeine.  
 
One would anticipate a better fitting to provide better accuracy. In fact that is 
entirely true when functions with unsatisfactory fitting are compared to suitable 
ones, but within the latter, differences in accuracy do appear. Apparently equivalent 
fitting models generated different sample concentrations and consequently 
differences in accuracy. Several samples (saliva) and extra-calibration standards 
(control standards) were analysed by ELISA and LC-MS/MS, the latter providing the 
reference values for accuracy calculation purposes. The differences were 
calculated for each sample as percentages, and are plotted in Figure 40: (A) using 
B 
A 
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the range 2.5 µg/L – 200 µg/L and (B) using the reduced upper-range 2.5 µg/L – 






















Figure 40. Deviation between the concentration obtained by ELISA using several fittings and 
the reference value by LC-MS/MS. A1 and A2: Using the calibration upper-range 2.5 µg/L – 
200 µg/L and showing an amplified view of the concentrations below 40 µg/L (A2); B1 and 
B2: Using the reduced upper-range 2.5 µg/L – 150 µg/L and showing an amplified view of 
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A first glance at Figure 40 is enough to dismiss the Power curve, which provides 
enormous deviations from the reference values; even when the calibration range is 
reduced (B1).  
Exponential decay 1st order and sigmoidal Boltzmann fitting results overlapped one 
another and, for concentrations above 75 µg/L (in the Figure 40 example) or 100 
µg/L in other curves, the deviations are higher than 25%.  
Exponential decay 2nd order shows a better performance with all the results 
allocated within the ± 25% deviation; yet this fitting is still poorer than most of the 
others and does not allow quantitation above 125 µg/L or 150 µg/L depending on 
the curve. For concentrations below the 40 µg/L threshold, this curve can however 
be used without major accuracy concerns.  
Hyperbolic, exponential decay 3rd order, and sigmoidal logistic curve fitting always 
provided similar results in the 19 curves analysed, as evidenced by Figure 40-A1 
and A2.  
The allometric function and linear transformation showed relevant differences in 6 
of the 19 curves analysed. The advantage of using a linear transformation is that it 
allows to roughly estimate an out-of-range sample, i.e., above the last calibrator 
concentration, which can be helpful to establish a suitable dilution for samples after 
a first run. 
Reducing the calibration range by removing the two highest calibrators improved 
significantly the accuracy, as can be seen in Figure 40-B1 and B2, when comparing 
them with A. Interesting are the overlapping results obtained for all the curves with 
better fittings – hyperbolic, allometric, exponential decay 3rd order, linear 
transformation and sigmoidal logistic model – when the range is reduced. This 
shows that, by reducing the range, the nature of the fitting model became less 
significant.  
 
Some differences in precision can also be observed for the different fittings, as 
illustrated by the error bars in Figure 41. Each point corresponds to an average of 3 
replicates of the same sample and the respective standard deviation of the 
concentration, represented by the error bar. The power curve shows the lowest 
precision, followed by the Boltzmann curve, exponential decay 1st order and 
exponential decay 2nd order. Hyperbolic, logistic, linear, allometric and exponential 
decay 3rd order offer the best precision among the tested models.  A 
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correspondence between the LC-MS/MS results and the different ELISA fittings can 
also be inferred from Figure 41 by the more or less pronounced skewness of results 

















Figure 41. Correlation between caffeine concentrations obtained by LC-MS/MS (Linear 
calibration) and by ELISA using several fitting models. Each point corresponds to a 
concentration average of three sample replicates and the error bar the respective standard 
deviation. The dotted-line is the ideal correlation, (y = x). Remark: the absorbance were only 
read once and on the same microtitre plate, being the only difference the fitting model used 
to establish the calibration.  
The table on the right-hand side shows the slopes of the linear regression between ELISA 
and LC-MS/MS and the respective coefficient of correlation (R
2
); N represents the number 
of samples used for the correlation. Please note that not all the fitting models enable 





Hyperbolic 0.960 0.994 20 
Power curve 4.291 0.972 14 
Boltzmann 0.663 0.986 18 
Logistic 0.960 0.994 20 
Exp Decay 1
st
 0.706 0.960 20 
Exp Decay 2
nd
 0.817 0.991 18 
Exp Decay 3
rd
 0.960 0.994 20 
Allometric 0.975 0.994 20 
Linear 0.975 0.994 19 
Part I – Caffeine                                                                                                                        Results and discussion  
 127 
i.a. Residual analysis, Chi-Square (goodness-of-fit) test and 
coefficient of correlation (R2) 
For the nineteen independently obtained calibration curves – nine fitting models 
were used for regression analysis over nineteen independent datasets – the sum of 
the residuals, the chi-square and R2 were determined and plotted as shown in 












Figure 42. Residual sum of the square for 19 calibration curves using 9 different fitting 
models. The chi-square test values gave similar results (data not shown).  
 
Again, the power curve can be immediately dismissed due to the residual sum of 
the squares, shown in Figure 42. Boltzmann and exponential decay 1st order 
(overlapping) functions also presented significantly higher sums of the residuals 
than the curves seen at the bottom of the graph (hyperbolic, exponential decay 2nd 
and 3rd order and logistic). The linear transformation and allometric appear in 
intermediate position between these last two groups described.  
Statistical analysis was performed for all the fitting and shows significant differences 
(p = 0.05) of the mean of the distributions (one-way ANOVA, 9 factor levels) as well 
as in the variances (homogeneity of variance test) using Levene's Test (both, 
absolute deviations and squared deviations) and the Brown-Forsythe Test (p = 0.05 
level, 19 degrees of freedom, DOF). Normality of the distributions was assumed 
from the results of the Kolmogorov-Smirnov test (0.05 level, 19 DOF). Moreover, 
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Shapiro-Wilk and Lilliefors tests for normality lead to the same outcome if outliers 
are removed. Since the aim of this study was to select the best fitting curve for use 
in routine, all curves obtained were used for the calculation.  
A reduced graphical analysis was performed by evaluating exclusively the best-
fitting curves. The detailed view of these four functions is given in Figure 43 and 
shows no significant differences between them. The same statistical treatment was 
produced and, for the p = 0.05 confidence level, no differences were found between 
the four distributions.  
The F-test, comparing two-by-two and using the logistic function as the reference, 
suggested that no significant differences existed between the distribution variances. 
Interpretation of the data must be done carefully because the different functions 
have a different number of parameters involved (please refer to Table 9, page 84, in 
6.6.6 - Fitting models for binding assays): looking at the residual sum of squares 
(Figure 43-A), not taking the number of parameters used in the function into 
account, apparently the exponential decay 3rd order (8 parameters) fitting is much 
better than the 4-parameter functions (hyperbolic and logistic). This difference 
almost vanishes when Chi-square is analysed (Figure 43-B), as taking into account 
the number of function parameters it reduces the degrees of freedom. In this case, 
over-parameterised functions such as the exponential decay 3rd order show less 
impressive performance.   
The curves number 4 and 18 (Figure 43) were obtained using data sets of lower 
quality but are represented to show that in such cases, the goodness-of-fit outcome 

































 order.  (A) Residual sum of squares; (B) Chi-squared value; 
(C) R-squared value.  
 
To sum up:  
The 4-parameter functions, hyperbolic and logistic seem to be suitable for fitting the 
upper-range calibration curve and increasing parameterisation (exponential decay 
2nd and 3rd other) does not seem to improve the precision of the concentration 
results.  
 
Remark: During the analysis of the fitting data, several statistic tools were 
considered and tried out. Some softwares, like the one used here (Origin 8), make 
use of the F-test and the Akaike criterion test[302] to compare different fitting models. 
The use of the latter, though possibly useful in other situations, is strongly 
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to the tested functions, misleading results were produced, suggesting for example 
that the Power curve offers a much better fitting than the logistic one. The reason 
for this odd outcome is the different numbers of parameters between the different 
fitting models. And the Akaike criterion takes into account and favoured functions 
with less parameters, generating wrong interpretation when too different functions, 
regarding the number of parameters, are to be compared.  
 
ii. Lower-range fitting  
 The same procedure was used for the lower-range of the calibration (from 
0.010 µg/L to 2.5 µg/L) with a rather different outcome: the linear and the allometric 












Figure 44. (A) Fitting models tested for the lower-range calibration curve. All curves but 
three are represented by a black bold line: hyperbolic, logistic, exponential decay 2nd and 3rd 
orders; The three exceptions are the Power curve (dotted line), Boltzmann dose-response 
curve (black dashed line), and exponential decay 1st order (grey bold line). The insert graph 
on the top-right side of A corresponds to a logarithmic scale of x.  (B) The logistic curve 
represented in A but using the log scale and extending the function to show the “usual” 
curve represented in most immunochemistry work (A = 0.698; B = 1.026; C = 0.219; d = 
0.021; R2 = 0.9994).  
A 
B











Figure 45. Correlation between caffeine concentrations obtained by LC-MS/MS (Linear 
calibration) and by ELISA using several fitting models. Each point corresponds to a 
concentration average of three sample replicates and the error bar to the respective 
standard deviation. The dotted-line is the ideal correlation, when LC-MS/MS results are 
plotted on the ordinate, i.e., the curve y = x. The table on the right-hand side shows the 
slopes of the correlations and the respective squared correlation coefficient; N represents 
the number of samples used for the correlation.  
 
A good correlation – analysing the slope values – was obtained when using 
hyperbolic, logistic and the exponential decay 2nd and 3rd order functions.  
Allometric (slope = 3.2) and linear (slope = 2.0) functions provide unacceptable 
results, showing an overestimation of concentrations, especially marked for 
samples containing higher caffeine concentrations (Figure 45). Though the 
correlation between the data is good for these two curves (acceptable correlation 
coefficients), the correspondence between the two datasets (ELISA and LC-
MS/MS), as shown by the curves slopes, is very poor. Additionally with the 
allometric function only 15 out of 24 samples could be quantified.  
Curve  Slope  R2 N 
Hyperbolic 0.973 0.992 24 
Power 0.725 0.989 24 
Boltzmann 0.739 0.991 23 
Logistic 0.985 0.992 24 
Exp Decay 1st 0.739 0.991 23 
Exp Decay 2nd 0.967 0.993 24 
Exp Decay 3rd 0.967 0.993 24 
Allometric 3.177 0.969 15 
Linear 1.983 0.964 24 
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Exponential decay 1st order and the Boltzmann function showed an overall 
concentration underestimation as can be observed in the graph (Figure 45) and 
numerically by their curves’ slopes (0.74).  
The deviations between the results obtained by LC-MS/MS and the ELISA, using 
the best-fitting function are represented beneath (Figure 46). Only results obtained 
using the best fitting curves were included, for avoiding scale-distortion generated 
by the highest deviations and to illustrate the equivalent outcome when hyperbolic, 












Figure 46. Deviation between the concentration obtained by ELISA using several fittings and 
the reference value by LC-MS/MS.  
 
ii.a. Residual analysis, Chi-Square (goodness-of-fit) test and 
coefficient of correlation (R2) 
The residual sum of squares as well as the chi-square test is presented in Figure 
47. They show a very similar trend to the ones obtained for the upper-range 
(7.4.7.i.a, page 127), here with the inclusion of the Boltzmann model.  


























Figure 47. Residual sum of the squares (top) and chi-square (bottom) for 24 calibration 
curves using the 5 best-fitting models for the lower-range calibration curve.  
 
Statistical analysis of the data was performed as for the upper-range (page 127) 
and significant differences were found between the models represented in Figure 
47 (calibration curve no. 19 was removed before statistical analysis).  
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Performing one-way ANOVA (p = 0.05) and homogeneity of variances test for the 
sum of residues, significant differences were found between the models 
represented in Figure 47. Removing the Boltzmann function from the statistical 
analysis, no significant differences were found between the means and the 
variances of the sum of the residues between the four remaining distributions.  Yet, 
when chi-square values are compared using the same statistical tools, the 
exponential decay 3rd order exhibits a significant difference (p = 0.05 level), both in 
the mean and in the variances. A summary of the results is graphically represented 









Figure 48. Box-plots of the Chi-squared (left) and Residual sum of squares (RSS, right) 
showing the mean value and the distribution dispersion around that mean, n = 23. Note: 
data from one calibration curve (n° 19) was left out as it completely distorts all distributions. 







 order, respectively.  
 
As for the upper-range, hyperbolic, logistic and exponential decay 2nd order can 
equally be used to fit the data. The first two functions have the advantage of making 
use of only 4 parameters against 6 of the exponential decay 2nd order.  
Regarding the presented data, one can say that a 4-parameters function is required 
to properly fit the data and it seems worthless to increase the number of parameters 
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To sum up:   
The 4-parameter logistic function or the hyperbolic function can be used for both 
calibration ranges studied.  
Advantageously, the hyperbolic function does not required a log transformation of 
the x-axis and also – as it is a well-know mathematic model – it facilitates further 
calculations like uncertainty determination or calculation of the limits of quantitation.  
Increasing the number of parameters above 4 does not seem to bring any benefit, 
considering the (limited) amount of data analysed.  
 
Remark: The 4-parameter logistic function approximate the hyperbolic function in 
ideal assay conditions, i.e. when the D-value tends to zero and the B-value 
approximates one, which is valid for much of the curve analysed here.  
 
7.4.8. Operator influence  
A major concern when performing ELISA is the operator influence on the final 
result. Three operators with different experience in the technique assayed the same 
batch of 20 surface waters within the same day and equal conditions. Operator 1 
was an average-experienced analyst (a PhD student); Operator 2 a student in 
training with 2 months experience in performing the technique and, Operator 3 a 
specialised technician with several years experience.  
As Figure 49 shows most of the points are superposing one another, which 
suggests a feeble influence of the operator on the assay when a standard 
operational procedure is available to an analyst with some previous training on the 
technique. The average of the sample concentrations (n = 20) and average of the 
relative standard deviations (%) between the three does not differ significantly: 
0.533 µg/L (0.040%); 0.536 µg/L (0.052%); 0.539 µg/L (0.024%) for operator 1, 





Figure 49. Operator influence on the ELISA. Operator 1 (open squares): middle-experienced 
analyst; 2 (filled circles): little experienced analyst “novice”; Operator 3 (open triangles): 
experienced analyst (specialist). The samples were sorted by caffeine concentration.   
 
7.4.9. Limit of quantitation (LOQ) and limit of detection 
(LOD)  
The LOQ was estimated on the basis of two premises: (1) the concentrations of 
caffeine expected in surface water samples, which defined the calibration lower-
range used, and (2) the precision profile[279] obtained for that calibration (Figure 38-
A). The LOQ thus assigned (0.025 μg/L) was then experimentally verified by 
assaying 18 times a standard with that concentration; a standard deviation of 14.8% 
was obtained.  
The LOD was determined experimentally after recognizing that some statistical 
approaches, mainly those using the standard deviation of the blank, are prone to 
yield an inconsistence result. In such cases the LOD is subject to statistical 
fluctuation based, for example, on the number of replicates used to calculate the 
standard deviation rather than the intrinsic assay sensitivity itself. The approach 
used here most likely leads to a higher (thus less impressive) LOD but it places the 
analyst on safe ground. The results of three standards are shown in Figure 50 —
0.005, 0.002, and 0.001 μg/L, the lowest one being the method LOD. None of the 
signals obtained with the eighteen replicates of the 0.001 μg/L standard overlaps 




Figure 50. Experimental determination of the LOD. Three standards: 0.005 µg/L, 0.002 µg/L 
and 0.001 µg/L were analysed 18 times against 18 replicates of a blank sample (Milli-Q 
water), in the same plate. Each symbol represents a replicate analysed.   
 
7.5. Reference method for caffeine 
An LC-MS/MS method was developed for caffeine and related xanthines 
(paraxanthine, theophylline, theobromine and xanthine). Caffeine-(3-methyl-13C) 
was used as internal standard.  
The MS acquiring conditions were optimised by injecting individual solutions of 
each compound (0.5 mg/L) and acquiring in scan, parent scan and finally MRM 
mode for quantitation purposes. Because the amount of available literature, 
regarding xanthine quantitation by LC-MS/MS is satisfactory[44,125,133,134], only the 
highlights of the method development are described here. 
 
7.5.1. Product ion scan  
Xanthines have a relatively low number of ESI+ fragments contrariwise to sterols, 
for example. Typically, their product scans spectrum shows one main fragment 
which clearly outstands the others (more than at least 70% more intense than the 
second one). To illustrate this fragmentation pattern the caffeine product scan is 
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shown in Figure 51, with the main fragment m/z = 137.8 (100%), the parent ion m/z 
= 194.9 (36%) and a second fragment at m/z = 109.7 (21.4%). The main fragment 
results from a cleavage of the xanthine ring between N1-C2 and N3-C4 (m/z 137 
and 57) and the second one from the cleavage C2-N3 and C5-C6 (m/z 109 and 85). 














Figure 51. Caffeine product scan obtained after applying a collision energy of 30 eV and the 
corresponding fragmentation pattern (insert, right).  
 
The same collision energy was applied to all the methylxanthines (30 eV) to allow a 
comparison between the fragmentation patterns. Theobromine shows the highest 
number of fragments among the methylxanthines and shares the major fragment 
m/z with caffeine. Paraxanthine and theophylline present the most interesting 
results as both shares the major fragments – yet different fragmentation patterns – 
demanding thus a proper chromatographic separation.  Nevertheless, their 
differences become noticeable if the collision energy is increased to 35 eV: 
paraxanthine retains the m/z 123.6 as its major fragment while in theophylline’s 
spectrum the m/z 95.7 is markedly increased and can be used for quantitation 
purposes. Additional differences are visible in Table 15, like the number and relative 











Table 15. Fragments of methylxanthines after applying a collision energy of 30 eV. The 













137.5(100%); 180.9 (88%)*; 162.5 (52.0%); 
109.8 (50.1%); 134.9 (36.7%); 107.5 (33.0%); 






123.6(100%); 180.9 (25.6%)*; 95.9 (7.3%); 





123.6(100%); 180.8 (31.6%)*; 95.7 (28.9%); 
69.0 (10.0%); 136.7 (5.3%); 108.1 (2.6%); 





137.8(100%); 194.8 (36.0%)*; 109.7 (21.4%); 
82.9 (6.2%); 69.0 (4.0%); 122.3 (2.0%).
 
 
7.5.2. Chromatographic separation  
The best separation was obtained using a C18 reversed-phase column, 250 mm x 
2.1 mm, 5 µm (Phen) after testing two other columns: Purospher RP-C18, 250 x 
3 mm, 5 µm; and a Zorbax HILIC column, 4.6 x 100 mm, 3.5 µm. 
Caffeine is easily separable from the other xanthines whichever column was used. 
Contrary, paraxanthine and theophylline were not baseline-resolved but when the 
Phen column was employed. The gradient ammonium acetate 5mM/methanol was 
















Figure 52. (Top) Chromatographic 
separation of several xanthines after 
injection of a calibration standard containing 
25 µg/L: xanthine (153.0>110.0), 
theobromine (181.0>163.0), paraxanthine 
(181.0>124.0), theophylline (181.0>96.0),   
caffeine (195.0>138.0) and caffeine-3-
methyl-
13
C (197.8>139.8). The figure on the 
right gives a 2D-detailed view of 
paraxanthine/theophylline separation with 





The chromatogram – Figure 52, top – also allows to compare the signal intensities, 
being caffeine peak (195.0>138.0) the most intense one and xanthine the weakest 
(153.0>110.0). Hence, different individual quantitation limits were obtained: 25 µg/L 
xanthine, 10 µg/L theobromine and theophylline, 5 µg/L paraxanthine and caffeine 




7.6. Monitoring caffeine in water samples  
 
The concentration of caffeine in surface water samples was determined by directly 
measuring the sample – without any pre-treatment – using ELISA.  
The ELISA results were compared with those obtained by SPE-LC-MS/MS for 
different surface waters in Berling. Even though the ELISA is dealing with 
concentrations 1000-fold lower than the LC–MS/MS ones (without enrichment), the 
correlation between both methods is very good, as shown in Figure 53 by the 
curves slope. Fifty two surface water samples were used to establish this 
correlation, during several sampling campaigns, locations and times; with caffeine 
concentrations ranging from 0.030 to 4.0 μg/L.  
Because the number of samples with concentrations higher than 1 µg/L is scarce 
and could bias the slope of the curve, a second correlation was performed using 
only concentrations below that value, with the results being presented on the right-
hand side of Figure 53. The obtained slopes were the same (1.005) but the 
correlation coefficient shows a higher dispersion for concentrations below 1 µg/L 
(0.908 vs. 0.961 for the entire batch of samples). The reason for this deviation is 
discussed in detail in the water screening section (11.1.3 - Teltowkanal, from page 
240) and is mainly attributed to a sampling spot directly influenced by wastewater 
treatment effluent discharge into the Teltowkanal. It was observed that the assay 
overestimates the caffeine concentration in treated wastewaters. 
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Figure 53. Correlation between the surface water samples’ results (n = 52) obtained by 
ELISA (x-axis) and SPE–LC–MS/MS (y-axis). Each point represents a sample and the data 
was fitted by using a linear function: [Caf]SPE-LC-MS/MS = 1.005×[Caf]ELISA+0.002; R
2 
= 
0.961. The slope of the curve depicts the correlation between the methods. The figure on 
the right-hand side shows the correlation between samples with concentration below 1 µg/L 
(n = 40) and the obtained correlation curve slope is [Caf]SPE-LC-MS/MS = 
1.0046×[Caf]ELISA+0.007; R
2 
= 0.908.  
 
7.6.1. Intraday and interday precision 
ELISA intraday and interday precision for surface water samples is shown in Table 
16. Intraday and interday variations were lower than 12% and 17.0%, respectively. 
One water sample (containing 0.510 μg/L caffeine) was also measured 25 times in 
the same microtitre plate and the standard deviation was 7.2%. A water sample 
with a caffeine concentration of about the LOQ (0.030 μg/L) shows the method 




Table 16. Intraday and interday precision for several water samples by ELISA. Water 
sample 5 (0.510 µg/L caffeine) was additionally measured 25 times in the same plate and 
the standard deviation was slightly higher – 7.2%. Water sample 1 has a caffeine 
concentration about the LOQ (0.030 µg/L) and can accordingly show the method precision 
at this concentration level (~17%).  
 
Intraday precision 
n = 5, same plate 
 
Interday precision 















Sample 1 0.030  9.4% 0.033  16.9% 
Sample 2 0.058  12.0%   0.061  14.7% 
Sample 3 0.093  3.5% 0.093  15.5% 
Sample 4 0.160  9.2%  0.162  11.8% 
Sample 5 0.510  1.2% 0.590  11.9% 
Sample 6 1.74  1.8%  1.72  2.6%  
 
7.6.2. Spiking experiments  
Neither a reference material nor an intercomparison proficiency test was available 
for caffeine in water samples. To overcome this shortcoming, a surface water 
sample was spiked at different caffeine levels (0.05, 0.10, 0.25, 0.5, and 1.0 μg/L) 
for further analytical quality assurance. Recoveries between 92% and 102% were 
obtained (Table 17). Although the data do not represent proof of accuracy, they 
give extra confidence about the assay performance.  
 
Table 17. Results from the spiking experiments with a surface water sample (sample 2 from 




The unspiked sample has a caffeine 




Caffeine by ELISA, 
[µg/L] 
Recovery ± error 
[%] 




  - 
Spiked 1 0.05 0.11   102 ± 30% 
Spiked 2 0.10 0.15  95 ± 24% 
Spiked 3 0.25 0.33  106 ± 10% 
Spiked 4 0.50 0.52  93 ± 8.5% 






7.6.3. Analyte stability and sample handling  
Surface water samples from two water screening campaigns (n = 19) were 
randomly selected to test for analyte stability in the matrix, under controlled storage 
conditions – dark-glass vials at 4°C. The samples were analysed at t = 0 (sampling 
day), and at different times thereafter until 65 days, as indicated on the axis in 
Figure 54.  
Landwehrkanal has no wastewater input (at least officially reported ones) – 
samples marked as LWK, while Teltowkanal samples were collected downstream 
(TKA) and upstream (TKB) of a treated wastewater discharge point. Certainly, 
these three situations do not cover the broader range of surface water types but 
they do suggest that caffeine is relatively stable in the matrix, at least for 50 days, 
when stored at 4°C and protected from the direct light. The graphics present in 
Figure 54 shows a mixed trend, with some samples showing increasing 
concentrations while for some others they seem to be decreasing. Sample 
handling, including homogenisation, cooling and heating cycles, aliquotation and 
reproducibility itself should be considered as important contributions to the 
concentration fluctuations.  
Similar results were obtained in spiked surface water sample from lakes in 
Switzerland: no degradation of caffeine was found for 40 days – maximum time of 
the published study – except in samples exposed to sunlight, where caffeine 






















Figure 54. Stability of caffeine in surface water samples: from Landwehrkanal (LKW), 
Teltowkanal downstream of a wastewater treatment plant discharge point (TKA), and 
upstream of the wastewater treatment plant discharge point (TKB).  
 
Comparing the means of 15 samples at t = 0 and t = 14 days, no differences were 
found at the p = 0.05 confidence level and 14 DOF (paired sample t-test). The 
population variances are also not significantly different (0.05, 14 DOF, two-sample 
test for variance). Interesting is the fact that the centre of the distribution at t = 14 
(0.326 ± 0.282) is slightly higher than the one at t = 0 (0.313 ± 0.277), suggestive of 
an increment of the concentration instead of a decline. The sample handling is 
probably the reason for this increment. 
The number of samples is clearly insufficient to conclude about stability differences 
between the three surface waters tested, and one should be careful when looking at 
the data presented  in Figure 54: samples collected upstream of the wastewater 
treatment plant discharge point (TKB) have apparently more variability throughout 
the time but this apparent higher differences are more likely related to the lower 




7.7. Monitoring caffeine in saliva samples 
7.7.1. Sample pre-treatment methods  
The main concern during saliva samples preparation is to remove the proteins and 
enzymes, mainly peroxidases, without removing the analyte. Two methods were 
compared for such purpose: protein precipitation by using an organic solvent 
(acetonitrile) and diafiltration (with a 3 kDa cut-off microfilter).  
Acetonitrile extraction shows slightly better recovery of 13C3-CAF in both saliva 
samples and Milli-Q water (Figure 55). A major pitfall of the method seems to be the 
relatively higher dispersion and skewness of the data as illustrated by the box plots 
in Figure 55. The minimum of the acetonitrile distribution is clearly an outlier 
(84.5%) but it was not removed as the plot-shape does not change significantly by 
doing so.  
Moreover, the differences between the methods are not significant when one looks 
at the absolute recovery values: 84.5 – 99.8% for acetonitrile and 87.6 – 95.3% for 





Figure 55. Box plot representing the 
13
C3-
CAF recovery in 12 saliva samples using 
filtration or acetonitrile to remove 
proteins/enzymes and cells. The black 
dots represent the recovery obtained in 
Milli-Q water (n = 3) to serve as a 
reference point. 
 
Caffeine concentrations were also compared and the results are presented in 
Figure 56. The same outcome is observed; slightly higher values were obtained 
when acetonitrile is used, as illustrated by the slope of the correlation curve (1.06). 
The replicates’ standard deviations (n = 3), for the same sample, seems to follow 
the same trend as for 13C3-CAF (data not shown): acetonitrile extraction seems to 







Figure 56. Concentration of saliva 
samples (uncorrected for the dilution 
factor) in a batch of 12 saliva samples, 
extracted by the two 
methods.Concentrations determined after 
acetonitrile precipitation are plotted on the 
abscissa and the filtration ones as the 
ordinate. Regression line: y= 1.0555 (± 






7.7.2. Comparison with reference method  
The calibration curve for ELISA was obtained by fitting the standards with a logistic 
4-parameter curve (Figure 57). The calibration standards were selected to provide 
equidistant concentrations between them when a linear curve transformation is 
used, as illustrated by the insert in Figure 57. The linear transformation was 
obtained by plotting – log [OD] on the y-axis. The precision profile of the entire 
range was calculated using the model proposed by Ekins.[279] It shows very low 
overall errors (< 8%), with the lowest for the two lowest standards (< 2%) and  the 





Figure 57. ELISA calibration curve used to quantify the saliva samples. The right axis 
represents the relative error of concentration calculated from the precision profile;
[279]
 the 
points obtained are represented by open triangles and connected by a dashed line. The 
transformation of the calibration curve towards a linear model is represented by the insert on 
the top-right side. 
 
The results from both methods, after correcting for dilution, were plotted using a 
Bland-Altman plot – Figure 58. The entire batch but two samples fall within the 
range of ± 1.96 times the standard deviation of the data, thus providing evidence of 
good agreement between the methods. The plot also shows a rather equal 
distribution above and below the 0% line, though a slightly higher number of points 
fall below that line.  
A Student t-test (one-tailed) also shows no evidence of a significant difference 
between the methods for p = 0.05 and 58 DOF [t critical = 0.42; t (table) = 2.00]. 
The F-test [p = 0.05, n-1 = 59] also shows no evidence of significant differences 





























Figure 58. Bland-Altman plot for the saliva samples measured using both methods. The x-
axis represents the average concentration of the values obtained using both methods and 
the y-axis the differences between them, in percent. On the right-hand side the regression 
representing the same data, correlates the ELISA results (y) with the LC-MS/MS ones (x): y 
= 0.998x + 13.78 (R
2 
= 0.913).  
 
Remark: Bland-Altman plots are the most common way of representing correlation 
between analytical methods in clinical chemistry. The linear regression is the 
widespread style to represent such data in analytical chemistry, and it is visually 




7.7.3. Spiking experiments and quality control samples 
Analyte recoveries higher than 77% were observed when the samples were spiked 
with 13C3-CAF and above 87% for caffeine itself. Table 18 summarises the results 
and the data provides further confidence regarding the suitability of the acetonitrile-
based extraction procedure.  
 
Table 18. Recoveries of caffeine and caffeine-trimethyl-
13
C3 in ten saliva samples from 






















 [µg/L] [µg/L] [µg/L] [%] [µg/L] [µg/L] [%] 
A 5002 2500 7033 93.8 2218 2500 88.7 
B 3465 1250 4346 92.2 1129 1250 90.3 
C 4391 1250 5408 95.9 1103 1250 88.3 
D 3592 1250 4575 94.5 1084 1250 86.8 
E 2539 1250 3283 86.6 1031 1250 82.5 
F 3255 1250 4221 93.7 1120 1250 89.6 
G 1150 500 1497 90.7 395 500 79.1 
H 2127 1000 2872 91.8 779 1000 77.9 
I 4244 1250 5304 96.5 1054 1250 84.3 
J 2270 1000 3130 95.7 765 1000 76.5 
 
Milli-Q water spiked showed recoveries between 96% and 104% and the control 
standard of 75 µg/L caffeine variation between -7.1% and 1.4%. Caffeine was not 




7.7.4. Caffeine profile evaluation in saliva  
As illustrated by Figure 5, the caffeine metabolic profile can be achieved using the 
developed ELISA. An extra LC-MS/MS analysis was performed (2 inj.) seven days 
later (the extracts were frozen at -20 °C during this interval) to show the differences 












Figure 59. Caffeine salivary concentration over time using ELISA (filled stars), LC-MS/MS 
(filled squares) and a second LC-MS/MS analysis performed on another day (filled 
triangles). The lines connecting the bold symbols represent the caffeine decay with time: 
bold line for ELISA, dashed line for LC-MS/MS, first (black) and second (grey) analysis. The 
open symbols represent the deviation, in percent, of caffeine concentrations obtained by 
ELISA (open stars) and the second LC-MS/MS analysis (open triangles); using the first LC-
MS/MS results as reference values.  
 
Adult hepatic microsomal function can be assessed by a simple caffeine clearance 
test.[303,304] In fact,  it has been shown that caffeine clearance is a more sensitive 
indicator of structural liver disease than conventional liver function tests, especially 
for alcoholic liver disease.[305] Several authors have unveiled the equivalence 
between salivary and plasma concentration of caffeine in hepatic liver function 
assessment,[135,303,306,307] and it seems that the salivary sampling alone has become 
accepted.[308] Some authors even suggested a single-point measurement to 
evaluate cirrhotic dysfunction.[304,309] A single caffeine concentration in saliva – total 
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overnight salivary caffeine assessments (TOSCA) – has been proposed as a useful 
diagnostic tool for cirrhotic patients and eventually also helpful for discriminating 
between the cirrhosis types.[309] 
AS Figure 60 shows, the metabolism of 200 mg/L (per os) in 10 healthy voluntaries 
over a 5 hours period can be evaluated using the developed immunoassay. Even 
thought the samples were anonymous, important individual data can be obtained 
from the metabolic profiles: for example, individual A is most likely the shortest 
individual of the group while G, J and H are the tallest ones; Individual I ingested 
coffee before collecting sample T1(0h); and individual G, I and E are probably the 
three smokers of the group, since their caffeine metabolism is accelerated when 
compared with the others[310]. What is more, the post-lunch slowing down on the 
caffeine metabolism (around T4 and T5, depending on the individual) can be also 
seen on the metabolic profiles. A saliva sample (individual I, T6) was probably 
contaminated or something went wrong with the saliva collection, as the 
concentration is abnormally high, whether by ELISA or LC-MS/MS. 
 
Figure 60. Caffeine concentration in saliva of 10 healthy individuals after injection of 200 
mg/L caffeine.  
 
The assay should be further tested by a clinical laboratory, using a cohort 
containing a statistical significant number (>100) of healthy and non-healthy 




7.8. Monitoring caffeine in beverages, shampoos and 
caffeine tablets 
The high caffeine concentration present in most of the beverages requires 
appropriate sample predilution, prior to analysis by ELISA and direct LC-MS/MS. In 
this case the upper calibration range (was used for the ELISA and the same 
calibration standards solutions injected into the LC-MS/MS, thus avoiding 
calibration-related discrepancies between the methods. The obtained results are 
summarised in Figure 61 after correcting caffeine concentrations for the dilution 
factor. When linear regression is used to correlate the data, ELISA and LC-MS/MS 
results, a curve with a slope of 1.004 and an R2 = 0.9946 is obtained.  
Caffeine-free Coca-Cola gave a caffeine concentration of 5.6 ± 0,1 µg/L (n = 3) and 
Raspberry tea (intense red colour) 14 ± 1.2  µg/L, when measured by ELISA. 
Caffeine was not detected in both samples by LC-MS/MS and therefore the assay 
should be cautiously used in direct measurement of complex matrices. When 
however these samples were diluted 1:10 in Milli-Q, a concentration below 1 µg/L 
was obtained for both by ELISA. A dilution 1:10 seems thus sufficient to avoid false 
positive results. 
  
Figure 61. Concentrations of caffeine in several beverages, shampoo, and a tablet. The 
hatched bars represent the results obtained by LC–MS/MS while the grey bars show the 
results obtained by ELISA. The difference between both methods is represented by the 
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circles and can be read on the right-hand y-axis. The shampoo concentration reads 5.1 ± 
0.23 mg/L (ELISA) and 4.9 ± 0.16 mg/L (LC–MS/MS) 
 
7.8.1. Intraday and interday precision 
The precision of the ELISA for the samples are shown in Table 19. Intraday 
variations were lower than 5.7% for the beverages with the exception of filter coffee 
(11.1%) and the interday variation was below 10.4% .The beverages results are 
presented in the Table 19 as they were obtained from the curve, i.e., before dilution 
factor correction for better data comparison.  
 
Table 19. Intraday and interday precision for several beverages, shampoo and a caffeine 
tablet (after dissolution) by ELISA. The results are presented as they were obtained from the 




















Black tea (1: 10 000) 2.64 1.5% 2.58 6.6% 
Red Bull
®
 (1: 100 000)  4.86 2.9% 4.70 4.6% 
Shampoo (1:1000)  4.86 3.2% 4.85 4.3% 
Coca-Cola
®
  (1:10 000) 9.81 1.0% 9.85 2.9% 
Filter coffee (1:100 000) 11.1 11.1% 10.9 7.8% 
Green tea (1:10 000)  15.5 2.9% 15.8 4.9% 
Club-Mate
®
 (1:10 000)  18.5 0.7% 18.4 1.7% 
Red Bull
®
 (1:10 000)  46.2 3.6% 48.5 6.7% 
Espresso coffee (1: 10 000) 88.9 1.2% 86.3 4.7% 
Coca-Cola
®
  (1:1000 ) 94.8 3.7% 95.0 4.5% 
Filter coffee (1:10 000) 100.6 4.8% 98.3 8.2% 
Green tea (1:1000)  101.3 5.7% 104.3 5.7% 
Other matrices     
Caffeine tablet (1:10 000 w/v) 22.6 0.8% 22.6 3.3% 
Shampoo (1:100)  52.4 0.3% 47.5 10.4% 
 
7.8.2. Accuracy  
Neither a reference material nor an inter-comparison proficiency test is available for 
caffeine in beverages. Additionally to the good agreement with the LC-MS/MS, for 
some of the analysed beverages, caffeine concentrations can be found in several 
tables and therefore used as indicative “reference” values. The values for filter and 
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espresso-coffee are indicated in Table 20  but they cannot be used as reference 
values since caffeine final concentrations in those samples depend on the amount 
of coffee extracted and the volume of water used. As illustrated by the figures in 
Table 20, a good agreement between the two datasets was achieved. 
 
Table 20. Comparison between the caffeine concentration obtained by ELISA and the 
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Earl Grey tea 
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To sum up:  
The immunoassay is apt to determine caffeine concentration in several matrices 
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8. Additional materials (PART II) 
 
8.1. Chemicals  
Coprostanol ≥ 98%, cholestanol ~ 95%, cholestan ≥ 97%, cholestanone 99%, 
cholesterol ≥ 99.0%, stigmasterol ~ 95% were supplied by Sigma-Aldrich. 
Ergosterol ≥ 95.0% and lithocholic acid ≥ 99.0% were purchased from Fluka. 
Isolithocholic acid ≥ 99% was synthesised by Steraloids (London, United 
Kingdom). 
Acetic acid 100%, ACS/ISO grade, was supplied by Merck and isopropanol, HPLC 
grade, from J.T.Baker. Ammonium acetate, purriss., eluent additive for LC-MS, was 
from Fluka. Sodium azide, ≥ 99%, Riedel-de Haën, was purchased from Sigma-
Aldrich. Complete protease inhibitor cocktail tablets (cOmplete ULTRA) were from 
Roche (Mannheim, Germany) and Pepstatin A from Applichem (Darmstadt, 
Germany). Freund’s complete adjuvant was purchased from Difco (Lawrence, KS, 
USA). Casein sodium salt from bovine milk was purchased from Sigma (C8654). 
Deuterated chloroform, isotopic purity 99.96 atom % D was from Aldrich. 
 
8.2. Antibodies  
Polyclonal anti-IgG sera were obtained from Acris Antibodies GmbH (Herford, 
Germany): anti-mouse IgG (H&L) whole molecule, from sheep (R1256P, Lot 20243, 
2.2 mg/mL); anti-mouse IgG-F(c), from goat, (R1612P, Lot 22712, 3.7 mg/mL). The 
polyclonal anti-IgA mouse serum (from goat, NB 7501, Lot A23, 1 mg/mL), was 
obtained from Novus Biologicals via Acris Antibodies GmbH. 
The polyclonal anti-IgG (whole molecule) mouse serum-HRP conjugate, from goat, 
was from Sigma (A4416). The serum supplied was a solution in 0.01 M phosphate 
buffered saline, pH 7.4 containing 1% bovine serum albumin and 0.01% thimerosal. 
8.3. Animals 
Three female, three months old BALB/c mice were bred at the Biotechnology 
Department – University of Potsdam, Golm, Germany. 
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9. Methods (PART II) 
9.1. Antibody production  
9.1.1. Hapten selection  
The selection of the hapten was made by searching for similar structures to the one 
of coprostanol in databases such as Scifinder[318] and PubChem.[319] Several 
compounds were selected and thereafter they were compared to coprostanol using 
CS Chem 3DUltra (CambridgeSoft). Mainly stereochemistry comparison and 
calculation of bond lengths and angles were performed.   
9.1.2. X-ray crystallography and 1H-NMR 
The crystals of isolithocholic and lithocholic acid were grown by solvent evaporation 
from ethyl acetate at room temperature in a desiccator. The single crystal X-ray 
data collection was carried out at room temperature. A total of 10307 reflection 
intensities were measured with an exposure time of 30 s per frame. The data 
reduction was performed by using the Bruker AXS SAINT and SADABS 
packages.[258] The structure was solved by direct methods and refined by full-matrix 
least squares calculation using SHELXTL.[259] 
Coprostanol crystals were never obtained. Several solvents and mixtures of 
solvents were tried out unsuccessfully: Toluol, chloroform, tetrahydrofuran, ethyl 
acetate, acetone, dimethylformamide, water, methanol, acetonitrile and ethanol. 
1H-NMR spectra have been recorded under standard conditions on a Bruker 
Avance 600 NMR spectrometer, operating at 400 MHz. The substances were 
dissolved in deuterated chloroform (CDCl3, isotopic purity 99.96 atom % D). 
9.1.3. Immunogen synthesis and characterisation  
The immunogen was produced by coupling isolithocholic acid (hapten) to bovine 
serum albumin (BSA) using NHS/DCC chemistry as described for caffeine tracer 
synthesis (6.3 - Enzyme tracer synthesis, page 68).  
Briefly, a 50-fold (conjugate one) and a 100-fold (conjugate two) molar excess of 
the hapten were conjugated with BSA and purified by GPC (gel permeation 
chromatography) on a Sephadex PD-10 desalting column using PBS buffer as the 
eluent. The two produced conjugates were characterised independently by MALDI-
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TOF/MS and LC-MS/MS using the same procedure already described for the 
caffeine tracer (6.4 - Tracer characterisation, page 72).  
The final immunogen was obtained by mixing conjugate one and two and the 
concentration determined by UV-VIS spectroscopy using a BSA set of standards at 
280 nm (isolithocholic acid does not absorb at this wavelength). The final 
immunogen (4.5 mg/mL) was diluted and aliquoted in 40 µL PBS buffer containing 
150 µg of the conjugate (3.75 mg/mL). Three fractions of the immunogen were 
insolubilised using acetonitrile (200 µL) and the precipitated conjugate was dried 
under a nitrogen stream at room temperature. 50 µg of the insolubilised immunogen 
was mixed with 100 µL of Freund’s complete adjuvant and injected in each mouse.  
For the boosts, the 50 µg of insolubilised immunogen was redissolved in 100 µL 
PBS buffer (for the 1st and 2nd boosts) and thereafter the soluble immunogen was 
used. 
 
9.1.4. Immunization procedure  
The immunization was carried out by a project partner, Hybrotec, UP Transfer 
(University of Potsdam, Golm, Germany) according to procedures already 
published by the company members[237,238] and herein briefly described. 
Three female, three months old BALB/c mice, were immunised intraperitoneally 
using 50 µg of the insoluble immunogen (BSA-isolithocholic acid conjugate) at day 
zero. The animals were boosted regularly, according to the schedule in Table 21, 
with the insoluble (first 2 boosts) and soluble immunogen (after 3rd boost), 50 µg in 
PBS buffer. Serum samples were taken – venipuncture from the orbital sinus –  
around five to seven days after each boost to evaluate the titre and affinity 
maturation of the hapten-specific antibodies. Faeces were collected 28 weeks after 
the first immunization. Table 21 summarises the timeline used for the immunization 
process overall.   
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Table 21. Immunization timeline for the production of a coprostanol monoclonal antibody.  
 
 
9.1.5. Immunization monitoring  
i. Serum collection and testing  
The immunization was monitored by assaying the mice sera for coprostanol-
selective antibodies. Blood (~ 100 µL) was collected from the orbital sinus and let 
stand for 2 h at room temperature. The tubes were then centrifuged (3000 x g, 5 
min) and the serum preserved with 0.1% sodium azide.  The samples were 
transported refrigerated to the lab and analysed within the next 5 days. All sera 
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The search for specific anti-hapten antibodies was performed using direct 
competitive ELISA in MaxiSorp plates. The capture antibody was an anti-IgG 
mouse whole molecule (H&L) from sheep, diluted in PBS buffer pH 7.4 to 1 µg/mL 
(200 µL per well, o/n). The serum samples were diluted in PBS containing 1% (w/v) 
BSA: 1:1,000-fold and 1:10,000-fold (after the 1st boost); 1:50,000-fold or 
1:100,000-fold (after the 2nd boost).  
The standard solutions were prepared in Milli-Q water with the exception of the 
stock solutions which were prepared in isopropanol.  The assays were mostly 
performed with isolithocholic acid (hapten) but also using coprostanol standards 
whenever appropriate and the sera volume sufficient. The enzyme tracer – an 
isolithocholic acid-HRP conjugateh – was diluted 1:100,000 in PBS containing 1% 
(w/v) BSA. OD readouts were interpolated by a 4-parameter logistic function, the C-
value representing the inflection point of the sigmoidal curve which is similar to 
IC50.  
The incubation time for the sera (200 µL per well) was not less than 2 h, the 
standards (100 µL) were incubated for 20 minutes alone and one more hour after 
adding the HRP conjugate (100µL) to the well. The incubation time for the TMB 
solution was variable, depending on the colour development; a maximal incubation 
time of 1 h was used but sometimes the acid (H2SO4) had to be added much earlier 
due to higher antibody titres in the sera. 
A pre-immunization mouse serum was used as negative control and the anti-
caffeine antibody and respective tracer as a performance control of the assay (no 
commercial antibody is available neither for coprostanol nor for isolithocholic acid).  
ii. Faeces 
Faeces extractions were based on previous protocols described by Dion et al.[320] 
The mice faeces were extracted using PBS buffer pH 7.6 containing 1% (w/v) 
sodium azide supplemented with complete protease inhibitor cocktail tablets from 
Roche (1 mini-tablet, EDTA-free, per 10 mL buffer). One gram of air-dried faeces 
was shaken overnight (20 hours) with 10 mL of the aforedescribed buffer. The 
extract was aliquoted into 2 mL Eppendorf tubes which were centrifuged at 15°C, 
15,000 x g, for 5 minutes. The supernatant was diluted 10-fold in PBS buffer prior to 
perform the ELISA – using the same procedure as described for the sera but 
incubating the extracts longer, 3 h 30 min.  
                                                 
h
 The HRP conjugate has an average coupling ratio of 2.3 mol hapten per mol HRP. 
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iii. Sterol and stanol levels  
The sterol and stanol levels in the sera and faeces were measured using the LC-
(APCI)-MS/MS described elsewhere (9.2. Reference method for sterols, stanols 
and  bile acids, page 167) after liquid-liquid extraction (sera) or liquid-solid 
extraction (faeces). 
The sera (2 µL) were extracted by adding 1 mL n-hexane, vortexing and shaking for 
2 hours. The Eppendorf tube was centrifuged at 15 °C, 15,000 x g, for 5 minutes 
and the supernatant transferred into an HPLC vial and evaporated until dryness 
under a nitrogen stream. The residue was resolubilised using 400 µL isopropanol 
and diluted appropriately to fit the calibration range (100- to 1000-fold) in mobile 
phase B (isopropanol:methanol, 1:1, v/v).  
Faeces (~ 1 g) were extracted using 10 mL of isopropanol, under continuous 
shaking, RT, o/n. The tubes were let on the bench until all the solids were 
sedimented and the supernatant was filtered through a 0.45 µm filter. This filtrate 
was diluted appropriately (10 – 1000-fold) in mobile phase B prior to LC-MS/MS 
analysis. The faeces results are expressed per g of dry residue: 1 g of faeces was 
dried at 102 °C in an oven until constant weight (losses between 12 and 16% of 
water were registered).  
9.1.6. Hybridoma technology 
One immunized mouse (mouse 2) was killed by diethyl ether inhalation and cervical 
dislocation three days after the 5th re-immunization. The abdominal cavity was 
opened and the spleen removed and placed – under sterile conditions – in a Petri 
dish filled with 10 mL RPMI 1640 (Roswell Park Memorial Institute medium). The 
spleen was disaggregated and macerated using a spoon-head sterile spatula and 
some fat residues were removed out of the Petri dish. The obtained cell suspension 
was transferred into a 50 mL Falcon tube and the Petri dish washed with 5 mL of 
RPMI 1641, transferred thereafter into the same Falcon. The tube was then let on 
the bench for 2 minutes to allow precipitation of debris and ~8mL of the supernatant 
transferred into a new Falcon tube. After centrifugation (200 x g, 10 min), the 
residue was resuspended in 10 mL BSS (Balanced Salt Solution) buffer for fusion 
and the viable cells counted using optical microscopy. The myeloma cell line (X63-
Ag8.653), also in BSS buffer, was added to the spleen-cells suspension in a ratio 
1:3 (cells/mL). The cell suspension was mixed and then centrifuged (400 x g, 3 
min), the supernatant poured off and the pellet resuspended with 0.5 mL BSS 
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buffer. The cell suspension was mixed and then centrifuged (400 x g, 3 min), the 
supernatant poured off and the pellet resuspended with 0.5 mL BSS buffer. The cell 
suspension was subsequently mixed 1:1 with 0.5 mL PEG 8000 solution 25% (m/v) 
in BSS buffer. The fusion between the B cells and the myeloma cells was 
performed using a modified electrofusion technique[321,322]: 360 µL of the cellular 
suspension, containing PEG 8000,  were transferred into a 2 mm electroporation 
cuvette and placed on the electroporator (Fisher, modified by Hybrotec). The 
electropermeabilization pulse (600-650 V, 25 µS) was then delivered followed by an 
equilibration time (3 min, RT) before the cells were pulled out and resuspended in 
an Erlenmeyer flask containing 60 mL of cell culture medium 20% FCS (Fetal Calf 
Serum supplemented with 1% glutamine and 1% mercaptoethanol, in RPMI). The 
procedure was repeated until all the cells’ suspension volume was away and the 
Erlenmeyer flask containing the cells placed inside an incubator (37 °C, 7% CO2) 
for 2 h.  
The Erlenmeyer was filled up to 100 mL with HAT selection medium (hypoxanthine-
aminopterin-thymidine) and the final volume supplemented with 1% gentamicin to 
suppress microbiological growth. 
The final cell suspension was distributed in five 96-well microtitre cell culture plates 
(100 µL/well), to which 100 µL/well of a feeder cell suspension (in RPMI) had been 
previously added. The plates were then incubated at 37 °C (7% CO2) and every 3 to 
4 days 100 µL/well were poured out and new HAT medium (100 µL/well) added.  
Twelve days after the fusion, the HAT medium was replaced by a cell culture 
medium containing 20% FCS (in RPMI, supplemented with 1% glutamine and 1% 
mercaptoethanol). Three days later the first tests of the cell culture supernatants for 
anti-hapten specific antibodies were performed.  
The hybridomas whose supernatants tested positive in the screening ELISA were 
expanded in 24-well or 6-well plates and the supernatants tested again. When 
positive, the cells were diluted successively in 96-well plates – recloning by limiting 
dilution – and positive wells transferred into another plate and allowed to grow. The 
process is fully described in the next section – 9.1.7. Screening procedure – by a 
flowchart (Figure 62, page 166).  
 
Remark: The described procedure was performed by specialised workers at 
Hybrotec and not by the author, who was just an assistant during the process. 
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9.1.7. Screening procedure  
The hybridoma supernatants, hereafter HybS, (100 µL) were always tested using 
direct and indirect ELISA. Per each plate a positive control (immunized mouse 2 
serum, 4th boost) and a negative control (non-immunized mouse serum) were 
included. The controls were diluted 1:100,000 for the direct and 1:10,000 for the 
indirect ELISA.  
i Direct screening  
The direct (competitive) ELISA was entirely performed at room temperature.  
The transparent high-binding microtitre plates were coated with polyclonal anti-
mouse IgG (H&L,“whole molecule”) serum (2 µg/mL in PBS buffer, 200 µL per well), 
covered with Parafilm® and incubated overnight (~ 18 hours) on the plate shaker at 
750 rpm.  
The plates were then washed three times and 50 µL of a 1% BSA solution in PBS 
(hereafter, PBS-1% BSA) was added pro well followed by 50 µL/well of HybS or 
dilution of HybS, whenever appropriate. The plates were incubated for 3 h 30 min 
under shaking.  
A PBS-1% BSA buffer (50 µL/well) was added and then 50 µL/well of the tracer 
(isolithocholic acid-HRP conjugate) which was previously diluted to 2.0 E-6 µg/mL in 
PBS buffer. The incubation time was one hour, under shaking, and afterwards the 
plate was washed again. The TMB substrate (100 µL/well) was incubated for a 
minimum of 40 min and then the sulphuric acid 1 M added (100 µL/well). 
When the competitive ELISA was performed to check for inhibition, 50 µL/well of 
standards (isolithocholic acid or coprostanol) were added before adding the PBS-
1% BSA buffer and the tracer. The remaining protocol was kept the same.  
ii Indirect screening  
The indirect ELISA was performed using the same solutions as in the direct 
screening with the following exceptions.  
The microtitre plate was coated o/n with isolithocholic acid-OVA conjugate in PBS 
(3.5 µg/L, 100 µL/well). After washing, the plate was blocked with a 0.5% casein 
solution (in PBS) for 1 hour. The HybS were incubated for 3 h and when testing for 
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inhibition, the supernatants (60 µL/well) were previously mixed with 60 µL/well of 
the standards solution in a low-binding plate and 100 µL/well of the mixture 
transferred into the coated Maxisorp plate. The tracer, an anti-IgG serum (whole 
molecule)-HRP conjugate was diluted 1:10,000 in PBS (100 µL/well) and incubated 
for 1 h.  
iii Screening flowchart   
The hybridoma screening process is resumed using a flowchart (Figure 62) 

































Figure 62.Hybridoma screening flowchart. Hyb (hybridoma), ILA (isolithocholic acid), COP 
(coprostanol), DE (direct ELISA), IE (indirect ELISA).  
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9.2. Reference method for sterols, stanols and  bile acids  
9.2.1. APCI-MS conditions 
Each individual standard was injected into the MS via the HPLC system, after 
reversed-phase chromatography. The atmospheric-pressure ionisation was carried 
out using chemical ionisation (APCI) after recognizing the inefficiency of 
electrospray (ESI) ionisation to produce charged ions. All compounds were 
analysed in positive mode and for each of them a SCAN, a Single Ion Recording 
(SIR), a product scan (after fragmentation) and several transitions on multiple 
reaction monitoring (MRM) were obtained. Each standard was injected individually 
using a solution of 1 mg/L of the compound in methanol.  
The optimisation of the MS parameters was done using a multi-compound standard 
mixture, after chromatographic separation, in both scan and SIR mode. A traditional 
univariate approach was used by setting up all parameters but one (variable) to 
fixed standard values: curtain gas (25 psi; 172 kPa), ion source gas 1 (50 psi, 345 
kPa), ion source gas 2 (60 psi, 414 kPa), source temperature (450.0 °C), nebulizer 
current (8.00 µA), dwell time (0.100 sec), declustering potential (50 V) and entrance 
potential (7.00 V). The collision energy was optimised to allow the presence of 
precursor ion in the product scan with relative intensity between 20 and 30%.  
The quantitation was achieved by using one MRM per compound and the 
confirmation using at least an additional one and the retention time. Mostly the most 
intense MRM transition was selected, except in the case another transition presents 
a better signal-to-noise ratio or it is specific of that compound. The calibration 
curves were established using the peak areas of a series of multi-compound 
external standards fitted using a linear regression function and a second order 
polynomial for cholestanone.  
9.2.2. Chromatographic separation  
i. Stationary phase and mobile phase  
A C18 stationary phase was selected for the separation. The method was initially 
developed using a longer and narrower column (UltraSep ES Phen1, 250 mm X 3 
mm, 5 µm) but the final method made use of a shorter one with a larger diameter 
(C18  SepServ RP18, 100 mm x 4 mm, 5 µm).  
Acetic acid was added to decrease the mobile phase pH until the acid range due to 
the bile acids isolithocholic and lithocholic acid. Water alone was also tested and 
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except for the bile acids, it gives the same outcome. Three organic modifiers were 
tested alone and in mixtures of them: acetonitrile, methanol and isopropanol.  
The final chromatographic method used water + ammonium acetate 5 mM + acetic 
acid glacial 0.05% (v/v) as mobile phase A and a mixture 1:1 of 
methanol:isopropanol as mobile phase B.  
ii. Chromatographic resolution 
Compounds sharing the same MRM transition must be well separated prior to their 
entry in the MS detector. Several gradients, mobile phases, column oven 
temperatures and organic modifiers were tested to achieve acceptable resolution 
between these peaks. Resolution was calculated using the “classic” equation 
(Equation 1)[323,324] and the Purnell equation (Equation 2),[324-326] which besides the 
retention time and the peak width takes additionally into account the selectivity 
factor, capacity factor and plate number. A resolution of 1.0 means the two peaks 
are separated but a value equal or higher than 1.5 is required for a baseline 
resolved separation.  
 










Where tr is the retention time and w is the peak width at the baseline.  
 









Where N is the plate number,  the selectivity factor and K the capacity factor (also 
known as retention factor). These parameters are calculated according to the 
following equations.  
 
The number of theoretical plates can be calculated using Equation 3[323,324] 
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Where  is the standard deviation of the solute zone. For a symmetric Gaussian 
peak the standard deviation can be determined from the peak width either at the 
baseline (w = 4 ) or at half-height (w1/2 =  2.354 ). Accordingly, the plate height can 
















The results presented in the Results section (10.2.2. Chromatographic separation; 
vi. Chromatographic resolution, page 217) were calculated using the peak width at 
half-height because it can be measured more accurately than at the baseline, 
especially in case of peaks with overlapping baselines.   
 
The capacity factor (or retention factor) is the normalised value of the analyte 
retention that is independent of the column diameter, length and flow-rate. The 
retention time is normalised to the elution time of a nonretained solute according to 
the equation:  
 







Where t0 is the elution time of the nonretained solute and tr the elution time of the 
analyte.  
 
The selectivity factor is a measure of the relative affinity of the mobile phase and 
stationary phase for two adjacent solutes. It is expressed as a ratio between the 
capacity factor of the two peaks: 
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Where k1 is the capacity factor of the first peak and k2 of the second.  
 
9.2.3. Extraction methods  
i. Membrane-assisted liquid-liquid microextraction 
(MALLME) 
The membranes were prepared according to the procedure proposed by the 
Moeder group.[327] Polyethylene bags were cut out to form several double-faced 
strips with about 8 mm width and 100 mm length, as illustrated by Figure 63. The 
open borders were sealed, using a shrink-wrapping device, to produce a closed 
membrane with exactly 5 mm width, 10 cm length and an aperture on one side. The 
overlaying foil borders were cut carefully using scissors (the strips were initially 8 
mm large) to avoid analytes’ absorption onto the crinkles produced by the sealing.  
Very frequently this cutting step damaged the membrane integrity, though not 
always macroscopically visible, causing therefore solvent leakage during the 
extraction step.  
Once the membrane is ready, it is filled with isopropanol and immersed in a 40 mL 
capacity vial containing the same solvent and was shaken for 1 hour at room 
temperature. Henceforth, the membrane is just handled using metallic tweezers.  
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Figure 63. Membrane preparation scheme. (1) The polyethylene bag is cut into double-face 
strips; (2) Each strip is sealed to produce a 5 mm width membrane and the outer remnants 
are cut out; (3) The membranes are filled in and immerged in isopropanol.  
 
 After the washing step, the membranes are placed in a glass Petri dish and dried in 
a lab oven, set at 50 °C, until the solvent is entirely evaporated. Using tweezers, the 
membranes are gripped by the aperture and this time immersed in Milli-Q, 
preventing water to enter the membrane. Water excess can be removed by 
wagging the membranes on the air a couple of times. They are after that immersed 
directly in the samples/standards as illustrated in Figure 64 and the extraction 

















Figure 64. Membrane-assisted 
liquid-liquid extraction. (1) Twenty 
mL sample are transferred into a 
transparent glass vial; (2) The 
membrane, containing 200 µL 
isopropanol, is immerged 
incompletely in the sample; (3) The 
tube is closed with the Teflon cap, 
fastening the membrane by its top; 
(4) The tube containing the hanging 
membrane is then placed on an 
orbital shaker (circular gyrating 
motion) and shaken over-night (~24 
h) at 700 rpm, room temperature; 
(5) Once the extraction is finished, 
the membrane is removed using 
tweezers and cut around 2 cm 
above the isopropanol surface; (6) 
Finally the isopropanol is removed 
using a micropipette and 
transferred into an HPLC vial. After 
removing the solvent, each 
membrane was inserted in an 
HPLC vial and 1 mL isopropanol 
added to extract possible adsorbed 
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ii. Dispersive liquid-liquid microextraction (DLLME) – 
Freezer assisted 
The method was based on previous works from Daneshfar[328] and Rezaee.[329] The 
dispersive solvent, the extraction solvent and respective volumes were optimised to 
provide the best analytes’ recoveries. Two major differences between the herein 
proposed method and the aforementioned ones are: 1) the extraction solvent used 
(n-hexane) has a lower density than the sample and 2) the dispersive solvent could 
not be an alcohol. Further discussion about these differences and the overall 
method development is given in the Results section – 10.2.3.ii. Dispersive liquid-
liquid microextraction (DLLME), page 223. Meanwhile, the optimised procedure for 
DLLME is provided in Figure 65 and described by the respective caption.  
  
 
Figure 65. Dispersive liquid-liquid 
Microextraction procedure. (1) The 
sample – 10 mL – is placed inside a 
transparent glass vial; (2) The 
dispersive solvent (acetonitrile, 50 µL) is 
added into the sample and the mixture 
vortexed; (3) The extraction solvent (n-
hexane, 200 µL) is added thereafter and 
the vial closed; (4) Several vials are 
placed on the orbital shaker in a 
approximately 45° angle and shaken for 
2 hours at 700 rpm, room temperature; 
(5) Once the extraction is finished, the 
vials are placed vertically into a freezer 
at -20 °C until the water-phase is frozen 
(usually over-night); (6) The n-hexane is 
recovered from the surface using a 200 
µL micropipette and transferred into an 
HPLC vial; (7) The n-hexane is 
evaporated till dryness using nitrogen 
stream and (8) the residue recovered 
using a mixture of water:methanol/ 
isopropanol (20:40/40; v:v/v), i.e., the 
initial composition of the HPLC gradient.  
.Introduction. 
 
10. Results and discussion (PART II) 
 
10.1. Antibody production  
10.1.1. Hapten selection  
Coprostanol lacks an available group for coupling it to a carrier protein, except for 
the hydroxyl group which was believed to play an important role in the compound 
recognition by the antibody and therefore could not be used for the conjugation. 
Different synthetic approaches were studied in order to obtain a similar molecule 
with a terminal carboxylic acid or amino group at the end of a spacer which would 
allow for coupling, thus leaving the sterane core (the 
perhydrocyclopentanophenanthrene ring) and the hydroxyl group “exposed” as part 
of the epitope for antibody recognition.  Finally, a naturally occurring compound was 
selected to mimic the coprostanol structure in the final immunogen: isolithocholic 
acid (Figure 66).  
Isolithocholic acid is a secondary bile acid produced from cholesterol, via the 
primary bile acid chenodeoxycholic acid, by a hydratase enzyme from anaerobic 
bacteria in the intestine of mammals – a dehydroxylation at position C7.[330,331] As 
other bile acids, isolithocholic acid is reabsorbed from the distal intestine back to 
the liver via enterohepatic circulation in healthy individuals.[331] Therefore, it is very 
unlikely to be found, at least in detectable concentrations, in environmental 
samples. The data available for isolithocholic acid in environmental samples is very 
scarce.[79,118] and one of the reasons seems to be the insofar analytical shortfall to 
detect it and also to separate it from its α-isomer, lithocholic acid.[144] 
The number of references found in the Scifinder database[318] for isolithocholic acid, 
when searching by CAS number, was surprisingly low (145 references on 19-06-
2009) when compared with other sterols and steroids (1140 for coprostanol, 2650 
for cholestanol, 2724 for lithocholic acid, 5780 for ergosterol, 7318 for cholic acid 
and – not unexpected – 142,439 for cholesterol). This shows that isolithocholic acid 
has not been yet a main focus of research and consequently most data about it is 
still to be produced if its metabolism is interesting at all.  
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Figure 66. 3D Structures of coprostanol (5β-cholestan-3β-ol), isolithocholic acid (5β-cholanic 
acid-3β-ol), cholesterol (cholest-5-en-3β-ol) and lithocholic acid (5β-cholanic acid-3α-ol). 
















Lithocholic acid  
(5β-cholanic acid-3α-ol) 
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Isolithocholic acid shares the sterane core geometry with coprostanol (Figure 66), 
as well as the β-hydroxyl group in C3. The difference between the two compounds 
is located in the side chain at C17, which is shorter for isolithocholic acid and 
advantageously has a terminal acid group for the conjugation with terminal amino 
groups in the carrier protein. Whether or not this side chain shortness could play a 
major role on the antibody specificity towards coprostanol could not be answered at 
this point, though it is common procedure in immunochemistry to conjugate a 
hapten with proteins/enzymes via a different side-chain than the one present on the 
analyte to be measured.[163,182,201] 
Lithocholic acid is represented in Figure 66 to show the difference to its β-isomer, 
isolithocholic acid. Cholesterol is also represented to illustrate the 3D conformation 
changes on the rings system caused by the double bond between C5 and C6, a 
common feature of the sterols.  
 
10.1.2. Hapten characterisation  
Coprostanol (analyte) and isolithocholic acid (hapten), except for the side-chain on 
C-17, show the same conformation, atoms distances and bond angles after 
calculations using CS Chem 3DUltra.  
Isolithocholic acid and lithocholic acid crystals were successfully obtained and the 
x-ray scattering results for isolithocholic acid are presented in Figure 67. Despite 
several attempts and an extensive list of solvents and solvents mixtures tested, 
coprostanol crystals were never obtained. An amorphous white powder was the 
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Figure 67. Crystal data and structure of 
isolithocholic acid. The hydrogen bonds are 
labelled with blue lines and the oxygen atoms 






The 1H-NMR spectra (400 MHz, solvent CDCl3) were obtained for coprostanol, 
isolithocholic acid and lithocholic acid, and matched the theoretical ones obtained 
from CS Chem 3DUltra. 
 
 
Molecular formula C24H40O3 
Formula weight 376.56 
Crystal system orthorhombic 
Space group 
 
P 212121 (no. 19) 
Unit cell dimensions 
a = 11.939(3) Å 
b = 16.018(4) Å 
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10.1.3. Immunogen characterisation  
The coupling ratio of the isolithocholic acid – BSA conjugate was characterised by 
MALDI-TOF/MS. Conjugates with two different coupling ratios had been separately 
prepared (1:50 and 1:100, mol hapten per mol protein) and afterwards mixed to 
produce the immunogen (broader distribution of coupling ratios). The first conjugate 
(1:50) had a coupling ratio interval from 10 to 16 (peak apex 15 mol hapten per 1 
mol protein) and the second one (1:100) from 12 to 19 (peak apex 17 mol hapten 
per 1 mol protein). The MALDI-TOF/MS spectrum of the first conjugate is presented 
in Figure 68, together with a spectrum of native BSA, to serve as a reference.  
 
Figure 68. MALDI-TOF/MS spectra of unconjugated BSA and BSA conjugated with 
isolithocholic acid: average coupling ratio 15.0 mol isolithocholic acid/ 1 mol BSA (coupling 
range 9.8 – 15.7).  
 
10.1.4. Immunization monitoring 
i. Sera 
Given that BSA was used as carrier protein in the immunogen, it should be included 
in the sera dilution and HRP-conjugate (tracer) buffers. Otherwise the anti-BSA 
antibodies in the sera will produce such a high background that will camouflage the 
anti-hapten specific IgG, if presented in the sera. Anti-BSA antibodies were 
detected in all sera from the very beginning, mainly from the 2nd boost onwards (not 
tested for the 1st boost). When a microtitre plate was coated with 1% (w/v) of 
different protein solutions (200 µL, o/n), in carbonate buffer pH 8.9, the highest 
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signals were observed for the wells coated with BSA (Figure 66). The immunized 
mice sera showed significantly higher signals for BSA than for ovalbumin, which 
shares some epitopes with BSA. No signal was observed for the pre-immunization 
serum when the wells where coated with the BSA solution, showing that the anti-
BSA antibodies are a results of the immunization.  
 
Figure 69. Signals (OD) obtained for a microtitre plate coated with three protein solutions: 
bovine serum albumin (BSA) 1% in carbonate buffer pH 8.9, lysosyme 1% in carbonate 
buffer pH 8.9 and ovalbumin (OVA) in carbonate buffer pH 8.9. Several well were left 
uncoated (only Carbonate buffer) to show the background signal. Sera from the three 
immunized mice (after 2
nd
 boost) and a pre-serum (non-immunized) were tested – 1:10,000 
in PBS (200 µL per well) – using three replicates per each protein to be tested. The anti-IgG 
mouse-HRP conjugate was diluted 1:5000 in PBS buffer and the colour development 
stopped after 5 min. 
 
The results (Figure 69) show clearly that BSA has to be added into the buffer before 
checking the sera for anti-hapten specific antibodies. The results obtained with 
lysozyme might look awkward at a first glance, as even the pre-immunization serum 
show very high signals. Lysozyme binding is probably due to its presence and role 
as hydrolase in the immune system: lysozyme is secreted by mononuclear 
phagocytes (macrophages) to hydrolyse the glycosidic bond between N-
acetylmuramic acid and N-acetylglusosamine in peptidoglycans present in the cell 
membranes of pathogenic agents. It has a wide distribution in mammals’ biological 
fluids and tissues (e.g. tears, saliva, milk, mucus, egg white, blood), which possibly 
explains the signals with the pre-immunized serum.  
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An alternative explanation could be its closeness in sequence and structure to 
another albumin: alpha-lactoalbumin. Yet, it is unlikely to explain this binding as 
OVA, a protein closer related to BSA, did not show any binding. 
When supplied with the TMB substrate, lysozyme does not catalyse the oxidation 
reaction, confirming that no peroxidase-like activity is present.  
Lysozyme was consequently excluded as a possible protein to be used in the 
indirect ELISA and ovalbumin was used instead to produce the conjugate protein-
ILA to coat the microtitre plates in indirect assays. Lysozyme could be an 
interesting protein for monitoring humoral immune response in future 
immunizations, as some difference between the pre-immunized serum and the 
immunized mice sera, though feeble, seems to be present.  
 
No anti-hapten specific IgGs were detected after the first re-immunization (1st 
boost). Even when using a low dilution of the serum and a very concentrated HRP-
conjugate solution (dilution 1:1000-fold for both), no signal was observed in the 
ELISA test.  
After the second re-immunization (2nd boost), three months after the start of the 
immunization, the presence of anti-hapten antibodies was revealed by direct ELISA 
in two of the three immunized mice (Figure 70, left-hand graphs).  Mouse 2 and 
Mouse 3 showed similar anti-hapten titres, evidenced by the OD signals, as well as 
similar C-values, 41 µg/L and 34 µg/L, respectively.  
Only after the 3rd boost, which was performed 19 days after the second one and 
using the soluble immunogen, anti-hapten antibodies were detected in Mouse 1 (A-
value = 0.133; C-value = 43 µg/L). For the other mice – Mouse 2 and 3 – the 
soluble antigen seems to produce similar effects: it increased the titre by about 30% 
in both cases and no changes were noticed concerning the C-values (50 µg/L and 
44 µg/L, respectively).  
The 4th boost, performed 28 days after the third one, using again the soluble 
immunogen, showed some differences in the immune response between the mice: 
Mouse 1 had a remarkable rise of the anti-hapten IgG titre (about 500%) while 
Mouse 2 showed no changes and Mouse 3 a 50% increase on the titre. The C-
values remained practically unchanged from the ones obtained in previous boosts 
(40 µg/L, 52 µg/L and 70 µg/L, for Mouse 1, 2 and 3, respectively). The apparently 
higher C-value for Mouse 3 is related to the antibody dilution (1:50,000 for all the 
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sera tested), producing an A-value of 2.4. When this serum was diluted 1:100 000, 
to produce a similar A-value to mouse 2, a C-value of 43 µg/L was obtained 
showing that also for mouse 3 no affinity maturation was observed during the 
immunization process.  
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Figure 70. ELISA curves obtained using isolithocholic acid (left) and coprostanol (right) 
standards. The isolithocholic acid curves were all obtained from the same microtitre plate 
using sera dilutions 1:50,000. The same sera dilutions were used to obtain the coprostanol 
curves, all in one microtitre plate.  
The pre-immunized serum is represented by a star, the serum collected after the 1
st
 boost 
by the down-triangle, after the 2
nd
 boost by a circle, after the 3
rd
 by a square and after the 4
th
 
by a diamond. The serum from Mouse 1 after the 1
st
 immunization was not included here 
due to a lack of space on the microtitre plate. Yet, it does not show any differences from the 
pre-serum, like for mouse 2 and 3. The C- and A-values of the curves are indicated 
separately in Table 22.  
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Table 22. Logistic curve parameters: A-value and C-value obtained using several sera and 
two different standard series: isolithocholic acid and coprostanol. The X indicates no signal 
on the ELISA test. 
 


















    
Mouse 1 X X 43 40 
Mouse 2 X 41 51 52 
Mouse 3 X 34 44 70 
 
A-value (OD) 
   
Mouse 1 X X 0.13 0.81 
Mouse 2 X 0.98 1.3 1.2 




















    
Mouse 1 X X 7.9E+03 1.3E+04 
Mouse 2 X 3.3E+03 5.4E+03 3.8E+03 
Mouse 3 X 7.8E+03 8.9E+03 3.2E+03 
 
A-value (OD) 
   
Mouse 1 X X 0.2 1.1 
Mouse 2 X 1.0 1.4 1.3 
Mouse 3 X 1.4 1.7 2.5 
 
When anti-coprostanol (analyte) IgG were assayed in the sera – Figure 70 right-
hand side and Table 22 – very similar titres to the ones obtained for anti-
isolithocholic acid antibodies were found (similar A-values). The contrary was 
observed regarding the C-values, which present 100- to 200-fold higher values 
when coprostanol standards are used. Interesting is the increment observed in the 
coprostanol C-value when the immunogen is switch from insoluble to soluble (from 
the 2nd to the 3rd boost) and the apparent decrease afterwards (4th boost) should be 
regarded carefully as it might just result from the poor fitting of the coprostanol 
curve. As depicted in Figure 70 (right-hand side), the highest standard used – 
10,000 µg/L  coprostanol – shows still a considerable higher absorbance and higher 
standards would have been required to establish a proper comparison between the 
immunizations. Yet, this was not possible due to the fact that more concentrated 
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standards contained high percentages of organic solvent (isopropanol), above 10%, 
leading to poor curves. 
Nevertheless, a trend seems to arise from the data: the soluble immunogen 
improves the affinity towards isolithocholic acid as it decreases affinity towards 
similar compounds like coprostanol.  
Coprostanol seems to bind like a cross-reactant to the anti-isolithocholic acid IgGs 
rather than binding to specific anti-coprostanol IgGs, which probably were not 
produced. Or even if they were, the levels of expression were too low to be 
detected. This hypothesis is supported by the same A-values for both compounds 
and different ones when the C-value is considered. 
 
To sum up: 
No affinity maturation was observed within the immunization process, as shown by 
the obtained C-values;  
The soluble antigen seems to produce a faster growth of antibody-producing B cells 
in all the mice; 
The immune system is different from individual to individual and these results show 
it clearly: the three mice showed different immune responses towards the same 
immunogen and immunization plan. Yet, the C-values are very much alike and did 
not change significantly along the immunization timeframe in none of them.  
 
i.a. Cross-reactivity of the sera  
Chemically-related sterols and steroids were also tested for cross-reactivities with 
the three mice after the 4th boost. The outcome was very alike for the three mice 
and it is illustrated in Figure 71 using serum from mouse immunized 3 (diluted 
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Figure 71. Several sterols and 
steroids tested for cross-reactivity 
with the serum from mouse 3 after 
the 4
th
 boost. All compounds were 
tested using also the pre-immunized 
serum and one example (using 
isolithocholic acid standards) is 
depicted on the figure. Stigmasterol 
was also tested (not shown) with 
similar results to cholesterol. 
 
 
Coprostanol seems to present the highest cross-reactivity of all the tested 
compounds, which means that the hydroxyl group position at C3 is of paramount 
importance for the recognition, as previously hypothesised while selecting the 
hapten to prepare the immunogen. The curves obtained for lithocholic acid support 
this conclusion, as the only difference from isolithocholic acid is the position of the 
hydroxyl in C3, and it has a higher C-value than coprostanol. The other C3-alcohols 
(cholesterol, stigmasterol and ergosterol) show a very similar outcome: no 
remarkable inhibition, probably due to the double bond in ring B, which produces a 
change in the molecule geometry, and therefore on the antibody-antigen binding. 
The C3-ketone, as expected, does not bind to the antibodies in the sera at all, thus 
stressing the importance of the hydroxyl group for the antibody recognition.  
 
To sum up:  
The hydroxyl group in C3 is crucial for the antibody recognition, including the 
stereochemistry. The side chain on C17 also seems to play a relevant role as 
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i.b. Optimisation of the C-value 
The lowest C-value at the end of the immunization, after the 4th boost, was obtained 
using higher dilution of the sera and HRP-conjugate (1:100,000 and 1:1,000,000 
respectively) and increasing the incubation time of the sera to 3h30min while 
reducing the HRP-conjugate incubation time to 20 min. The lowest C-values 
obtained were between 1 and 10 µg/L isolithocholic acid and an example of such 
curves is illustrated in Figure 72.  
 
Figure 72. Optimised ELISA using 
the mice sera after the 4
th
 boost 
and isolithocholic acid standards 
(x-axis). The C-values for the 
represented curves are 2.2 µg/L, 
3.8µg/L and 4.9 µg/L, for mouse 1, 







The seconds bleeds after the 4th boost (54 days after the 1st venipuncture), showed 
slightly higher C-values for the three mice (5.4; 6.1; 9.1 µg/L for M1, M2 and M3 
respectively) when analysed side-by-side with the first bleed of this boost (curves 
displayed in Figure 72). The A-values were about the same except for mouse 1, 
which in the second bleeding had a rather higher one, A = 0.14. This shows that the 
affinity and the titre do not seem to change significantly 59 days after boosting the 
animals with the immunogen and also that immunity status is kept for an extended 
time. The animals were just boosted once more (5th boost) shortly before 
proceeding to the splenectomy and subsequent fusion of the B-cell with the 
myeloma cell line. 
ii. Faeces 
During this immunization, it was shown for the first time that faeces can be used to 
monitor the immunization course as a trustworthy alternative to serum samples.  
This represents a major breakthrough in laboratory animals’ welfare as in future 
immunizations no venipuncture would be needed. Faeces samples can be collected 
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and used for the testing, leaving the animals untouched during the whole process. 
The most common venipuncture in mice is performed in the tail vein or in the orbital 
sinus, leading very often to tail loss and blindness, respectively. Faeces are much 
easier to obtain and the extraction method here described is simple and cost-
effective, thus offering an alternative to blood collection.  
This presence of anti-hapten specific antibodies in the faeces was observed in the 
last part of the immunization after a fortuity laboratory mistake while extracting 
faeces for LC-MS/MS measurements of cholesterol and coprostanol levels. The 
faeces were extracted with Milli-Q water instead of the organic solvent – of no use 
for LC-MS/MS measurements. These water extracts were not rejected but checked 
alongside with sera in an ELISA plate. Similar curves to the ones with sera were 
obtained. Two colleagues, performing immunizations to produce antibodies against 
ochratoxin A (OTA) and triacetone triperoxide (TATP)[332] – observed afterwards the 
same outcome. The detailed results will be published soon[333] and here a short 
overview is given. 
 
The faeces extracts provided similar inhibition curves, i.e. comparable shapes and 
C-values, to the ones obtained with the immunized mice sera as illustrated by 
Figure 73. The faeces curve depicts results from a mixed faeces sample of the 
three animals; the displayed serum curve originates from one single mouse since 
no significant differences were found between the animals except for the antibody 
titre. Besides, the animals were kept together in a single cage from the beginning of 
the immunization making it difficult to collect the faeces of the individual mice. Yet, 
the two colleagues running the OTA and TATP immunizations showed that no 
differences existed between the faeces and the serum from each single mouse, 
caged separately from the others.[333] 
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Figure 73. Calibration curves obtained using mice sera (squares) and faeces (triangles) 
from immunized (open shapes) and non-immunized mice (solid shapes). The solid lines 
represent the calibration curves: C-value = 0.17 µg/L (faeces) and 0.12 µg/L (serum). 
Isolithocholic acid standards were used (x-axis).  
 
When faeces from TATP and progesterone immunized mice were tested with 
isolithocholic acid standards no inhibition was observed, providing extra confidence 
about the presence of anti-hapten specific antibodies in the faeces.  
A question arose during the experiments regarding the class of immunoglobulins 
present in the faeces.  It is well known that the gut secrets high amounts of 
immunoglobulin A (IgA)[334,335] but when an anti-IgA coating antibody was used for 
testing the faeces, no inhibition was observed. Thus, the class of immunoglobulin is 
most likely IgG, which has been previously reported to be present in the 
faeces.[336,337] Whether these IgGs originate from the general immune system or 
from the gut local immune system remains unclear. The gut immune system 
operates rather independently from the general immune system, responding to 
pathogenic invasions locally.[338,339] As the immunization was carried out 
intraperitoneally it is unlikely, but not impossible, that a local production of IgG took 
place. Some new trends in vaccination include colon-immunization to achieve 
systemic protection against certain antigens[340] showing that an IgG pathway linking 
the two immune systems exists.[339,341] 
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Additional data were obtained by comparing two coating antibodies: an anti-IgG 
whole molecule (H&L), i.e. a secondary antibody that recognises epitopes in the 
heavy or in the light chain, with an anti-IgG F(c), an antibody that binds the mouse 
antibodies via their Fc region. The results from the sera and the faeces were 
different: higher titres were obtained when the anti-IgG whole molecule was used in 
the case of the faeces while for the sera the anti-F(c) provide the highest signal, as 










Figure 74.  Calibration curves obtained using the hapten isolithocholic acid. The comparison 
between two coating antibodies is shown: Anti-mouse IgG, H&L, “whole molecule” 
(triangles) and anti-mouse IgG F(c) (circles). The open shapes represent immunized 
animals and the solid shapes non-immunized ones. Left: faeces extracts; right: mouse 
serum.  
 
Presumably, the IgGs present in the serum and in the faeces have some 
differences, otherwise the binding to the coating antibodies should observe the 
same trends. Either they have indeed a different origin or the shuttle mechanism[342] 
between the intestine and the systemic circulation produces some changes on the 
constant region of the IgGs (F(c)), like different glycosylations of the peptide chain 
for example. The question is still to be answered as the shuttle mechanism is not 
yet well understood, remaining a topic for immunologists,[341,343-345] and some 
research about the FcRn receptor (the MHC-class I-like neonatal Fc receptor) is still 
to be done. Thought it seems clear that the FcRn receptor plays a role in 
transporting circulating IgG throughout the intestine endothelium (transcytosis) as 
well as backwards, recycling IgG and IgG-antigen complexes.[337,346] Indeed the 
FcRn receptor is a key homeostatic regulator for IgG controlling its transport 
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(bidirectional) across several epithelial barriers in mammals to affect both systemic 
and mucosal immunity.[335-337,339] 
 
To sum up:  
Aqueous extracts of mouse faeces provide similar results to the ones obtained from 
serum samples, except for the absolute IgG titre which is considerably lower in the 
faeces extracts.  
No selective IgA was found in the animal faeces.  
The tracking of the immune response of mice is a very frequent task in both 
immunology and immunochemistry, and the novel approach represents a 
considerable progress as it permits early and frequent testing for the development 
of specific antibody titre in several animals immunized in parallel.  
For future studies, optimised storage and extraction protocols should be developed 
together with strategies for sampling in groups of mice. Yet, collecting faeces 
instead of sampling blood allows for a daily monitoring of the immunization progress 
in mice without hurting or even touching the animals.  
In the 3R concept (replacement,  reduction, refinement) of animal protection,[347,348] 
this represents a “refinement” with the potential to improve laboratory animal 
welfare considerably. 
 
iii. Sterol and stanol levels in vivo 
Because affinity maturation did not seem to occur all along this immunization, as 
described in immunology textbooks,[196,202] some explanations had to be advanced 
and tested. The most logical one is related with the cholesterol metabolism itself: 
what happens if an animal is producing an antibody against an endogenous 
molecule such as a bile acid? Could this immunization have produced something 
similar to an autoimmune disease? And if that molecule is a metabolite of 
cholesterol, will not the organism try to compensate that disequilibrium in order to 
replace the lipid balance?  
Cholesterol is a vital molecule for life, playing important physiological roles starting 
at very basic functions like cells membranes support. Its metabolism is very 
complex and it is down- and up-regulated by several tissues and organs being the 
liver a major player in the process.[349] Cholesterol is converted to cholic acid in the 
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liver of mammals, which is further converted into isolithocholic acid (ILA) by bacteria 
in the gut.[330,350] 
If anti-ILA IgGs are present in the serum, then it is likely that higher amounts of 
(serum) cholesterol will be deviated into this pathway so to replace physiological 
levels of isolithocholic acid, meanwhile depleted by the anti-ILA IgG. To test this 
hypothesis, the (free) cholesterol level in the serum was measured in 17 sera from 
ILA-immunized mice and 17 sera from mice immunized with a non-endogenous 
molecule (TATP – triacetone triperoxide). The results are displayed as a box-plot in 
Figure 75.  
Cholesterol concentrations’ averages are significantly different between the two 
groups (one-way ANOVA, at 0.05 confidence level) while no significant differences 
exist between the two groups variances.  
 
Figure 75. Box-plot showing the distribution of free cholesterol in two groups of mice sera: 
one immunized with an ILA (isolithocholic acid)-BSA conjugate and another immunized with 
a TATP (triacetone triperoxide)-BSA conjugate. Seventeen sera were analysed per group. 
 
Even though a difference in cholesterol concentrations unequivocally exists 
between the two groups, it cannot be attributed to the ILA immunization as the 
experiments were not performed under controlled conditions.  
Several reasons could have contributed for these differences: 1) the two 
immunizations were carried out in different labs, with different animals and different 
diets; 2) The glucose values were not measured in the sera samples; 3) The time 
when the blood was collected as well as the time (and amounts) of the last feeding 
should have been registered. Since the experiment was not planned this data is 
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missing and therefore the results should be regarded with some care. In any case, 
they were too interesting to be omitted here.  
What is more, a decrease of free-cholesterol concentrations in sera was observed 
between the first and the fourth boost in all the ILA-immunized mice. Mouse one 
presented a reduction of 15%, mouse two 32% and mouse three 96%. It can be an 
effect related to the immunization or not – last time the animals ate, the moment of 
the bleedings. Anyhow, if these percentages of cholesterol reduction are correlated 
with the respective maximal OD obtained by ELISA after the 4th immunization 
(0.992, 1.185 and 2.4, respectively) – rough amount of anti-ILA IgGs in the sera –  a 
coefficient of correlation of 0.995 is obtained.  
The faeces of the mice also show interesting upshots. Animals immunized with the 
ILA-BSA conjugate show higher coprostanol concentrations in their faeces (by 3-
fold) then in both, non-immunized animals and a mouse immunized with a 
progesterone conjugate. The faecal cholesterol on the other hand seems to be only 
slightly reduced in those ILA-immunized mice (to 80%). Consequently the ratio 
cholesterol/coprostanol show significant differences between the immunized 
animals and non-immunized animals – Figure 76.  
 
Figure 76. Ratio cholesterol/coprostanol concentrations in mice faeces extracts. The mice 
immunized with isolithocholic acid (ILA) are represented on the top: 2A – second faeces 
collection; 1C, 1B, 1C – first faeces collection but extracted independently and on different 
days. The extracts from non-immunized mice as well as a progesterone immunized mice 
are represented on the lower part of the graph: 1A, 1B – first faeces collection, extracted 
independently and on different days; 2A, 2B – second faeces collection extracted 
independently. 
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If cholesterol is being displaced from the blood stream into the liver, to compensate 
a bile acid depletion, then it is also likely that the level of its metabolite coprostanol 
will be increased in the faeces. The coprostanol concentrations in immunized mice 
faeces were between 650 µg/g and 800 µg/g while in non-immunized faces they lay 
in the interval 200 µg/g to 300 µg/g.  
After splenectomy of mouse 2, the one used to produce the hybridoma cell line, a 
strange anatomic aspect was also observed: the spleen was over-sized (according 
to Hybrotec staff) and its size was not much smaller than the mouse liver! An 
overproduction of B-cells, caused by constant exposure to a self-antigen (ILA) 
would explain this spleen oversize. 
 
10.1.5. Hybridoma screening 
Screening hybridoma supernatants (HybS) is a very complex, expensive and time-
consuming procedure, requiring a considerable workforce. Numerous ELISAs were 
performed for testing supernatants during the screening process. Herein only the 
highlights are reported, together with some limitations and technical difficulties 
encountered during the proceedings.  
The very first problem one has to face when screening HybS is their low volume 
(~100 µL) and the low antibody concentrations in it. This is a major drawback in the 
beginning as signals (OD) are very low and, on one hand the number of microtitre 
plates to be tested had to be reduced fast (for logistical reasons), on the other hand 
the risk of losing the hybridoma producing the right antibody has to be avoided. 
Therefore, a criterion was established to distinguish between positive clones, 
possible positive clones and clearly negative ones. Per each microtitre plate 
containing the supernatant, the OD average and the standard deviation (SD) were 
calculated and clones with an OD value higher than the average+2*SD were 
classified as positive. The possible positive clones were the ones with OD equal or 
above the threshold average+1*SD, and some others which, though not fulfilling 
this criterion, were also allowed to grow until testing negative in the next 
supernatant collection. 
The second problem was the optimisation of the direct and indirect ELISA for 
screening of supernatants. The assays were optimised using sera, which is a 
completely different matrix than supernatants. One good example was the high 
number supernatants testing (false-)positive but originated from wells where no 
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living cells were present. Because the sera have a high amount of antibodies and 
other proteins, the surface of the plate wells is blocked while with supernatants the 
surface is more exposed and available to non-specific binding of the tracer and thus 
producing a positive signal. A solution of casein 0.5% (m/v) in PBS was sufficient to 
overcome this problem but the previous tests with the sera only required a 0.05% 
concentration to block the well surfaces. 
The third and last problem worth a mention was the intermittence of 
positive/negative results observed for some of the clones, i.e. testing positive for a 
supernatant at a certain date, negative the next one and again positive thereafter. 
These clones were mostly passed through until the end of the process.   
 
i. Hybridoma selection 
From the 500 tested HybS, 467 (~94%) were discharged (frozen) one month after 
the cell fusion. Supernatants from the dismissed hybridomas never tested positive, 
neither in direct nor indirect ELISA, at four different dates: 16, 20, 25 and 30 days 
after the fusion.  
The remaining 33 hybridomas were tested once more (36 days after fusion) and the 
positive ones (23) expanded in 24-well plates. From that point onwards only the 
indirect assay was used, because the direct assay showed very feeble signals 
overall. While some supernatants gave very high signals in the indirect assay 
(above OD = 1, when the background was only 0.020), no signals were observable 
in the direct format.  
The amplification in 24-well plates provided higher volumes of supernatants (~ 1mL) 
allowing further tests after the binding/not binding to the ILA-OVA conjugate 
(positive/negative decision only). These HybS amplifications (23) were ergo tested 
for:  
- binding to ILA-OVA conjugate and ILA-BSA conjugate 
(immunogen) when the plate was coated with  3.5 µg/mL of each 
conjugate;  
- inhibition by ILA using 3 standards (0, 0.1 and 10 µg/L);  
- inhibition by coprostanol (COP) using 3 standards (0, 0.1 and 10 
µg/L). 
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Only 19 HybS tested positive and the results are presented in Figure 77. From that 
point onwards, a clone was classified as positive if the signal was higher than the 
one obtained for the negative control (non-immunized mice serum). An inhibition, 
though using only three standards (0, 0.1 and 10 µg/L), was said to be present if the 
obtained ELISA curve presented a clear decreasing trend with an ILA or COP 








Figure 77. Hybridoma supernatants (HybS) screening after amplification of positive clones in 
24-well plates (36 days after the fusion). The hybridoma codes are represented on the x-
axis and the bars show the signal (OD) obtained when a microtitre plate row was coated: 
with the isolithocholic acid-ovalbumin conjugate – ILA-OVA – (black bars) and with the 
immunogen – ILA-BSA – (striped grey bars). The HybS showing higher signal with ISO-OVA 
than with ISO-BSA are marked with a grey open circle (OVA>BSA); the ones showing 
inhibition with isolithocholic acid standards are marked with a dark-grey open triangle (ILA-
inhibition) and the supernatants showing inhibition using coprostanol standards indicated by 
the black stars (COP-inhibition).  
 
Independently of showing or not inhibition, the positive hybridomas were either 
further amplified – if there were just a few cells inside the wells – or directly 
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Figure 78. Positive hybridoma supernatants (HybS) after amplification and recloning 
(marked by a “_” followed by another code) 49 days after fusion. The black bars represent 
the signal in the indirect ELISA using the ILA-OVA conjugate The supernatants showing 
inhibition with isolithocholic acid standards are identified by a dark-grey open triangle (ILA-
inhibition) and the ones showing inhibition using coprostanol standards signalised by the 
black stars (COP-inhibition). The black circles identified low-volume supernatant (100µL), 
thus not tested for inhibition.  
 
The supernatants represented in Figure 78 were also tested using the direct ELISA 
being the Hyb B3_4 the only one testing positive. Clones showing possible 
inhibition are displayed in Figure 79. 
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Figure 79. HybS showing possible inhibition using coprostanol (COP) – upper graphs – and 
using isolithocholic acid (ILA) standards – lower graph. The supernatants were collected 49 
days after fusion. The coprostanol data is represented in two graphs because of the 
differences on the scale.  
 
Some hybridomas showed promising results (B3_A, DG1_C2, FH10) at this point, 
with even better coprostanol inhibition profiles than the sera itself. After 
amplification and recloning, 70 days after the fusion, only 5 clones tested positive 
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Figure 80. Positive hybridomas 70 days after fusion. Left graph: the signals of the positive 
hybridomas are indicated by the bars alongside with the positive control (serum from mouse 
2) and the negative control (non-immunized mouse serum). The star marks the only clone 
showing inhibition behaviour using coprostanol standards (B3_A_3EA). Right graph: ELISA 
curve obtained for clone B3_A_E4 using coprostanol standards.  
 
If only clone B3_A_3E4 shows inhibition, the remaining ones should be binding 
something else than the analyte. A possibility is that these clones are producing 
antibodies that bind to some epitopes in OVA, as the plates were coated with the 
ILA-OVA conjugate. To test that hypothesis, a plate was coated with equal 
concentrations of OVA, the ILA-OVA conjugate, BSA and the ILA-BSA conjugate 
(the used immunogen), and the different supernatants tested. The results are 
summarised in Figure 81 and they show that hybridoma DC6_F11 is producing 
antibodies which strongly bind to OVA and the ILA-OVA conjugate. This explains 
why supernatant from this hybridoma tested always positive in the indirect ELISA, 
from the very beginning of the screening process, with very high signal; and never 
tested positive on the direct assay (as no OVA is present). Obviously, this HybS 
could never show inhibition either with ILA or coprostanol. Still, and from Figure 81, 
one can see that the antibodies secreted from this hybridoma are binding to a 
rather related epitope OVA/BSA, as it is also binding to BSA. Interesting is the 
positive control (serum from mouse 2) which does not bind to OVA and shows very 
high signal for the well coated with BSA, the carrier protein in the immunogen. 
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Figure 81. Hybridoma supernatants (70 days after fusion) tested for binding ovalbumin 
(OVA), bovine serum albumin (BSA) and the respective conjugates with isolithocholic acid 
(ILA-OVA, ILA-BSA). The ILA-BSA conjugate is the immunogen used to immunize the 
mouse. The positive control (Pos. Control) was a serum from mouse 2 obtained after the 4
th
 
boost. Clone B3_A_3EA was not tested due to insufficient HybS volume. (*) Clone 
DC6_F11 was tested after dilution 1:5 in PBS buffer. The open triangle indicates that 
inhibition was observed using OVA and OVA-ILA conjugate. 
 
To determine if an antibody against OVA was about to be obtained, a new 
supernatant from DC6_F11 was tested on a plate coated with four different 
concentrations of OVA, ILA-OVA conjugate, BSA and the ILA-BSA conjugate. Here, 
the higher the concentration of the coating protein/protein conjugate; the higher the 









Figure 82. Clone DC6_F11 supernatant (diluted 1:5 in PBS) incubated in a microtitre plate 
coated with four different concentrations of proteins/protein conjugates: bovine serum 
albumin (BSA), ovalbumin (OVA) and the respective isolithocholic acid conjugates (ILA-BSA 
and ILA-OVA). The right-graph represents the same experiment using serum from 
immunized mouse 2 after 4
th
 boost . 
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Hybridoma DC6_F11 seems to produce antibodies which recognise OVA (Figure 
82). It also binds to the ILA-OVA conjugate, though with lower affinity, probably due 
to OVA-epitope changes caused by the ILA coupling.  
Additionally, the OVA epitope recognised by these antibodies must have some 
similarities with one in BSA, as this later also shows some binding at the two 
highest concentrations. The conjugation of BSA with ILA seems to be detrimental 
for the epitope recognition by the antibody. The serum (positive control) from the 
killed mouse was also included in Figure 82 to mainly show that it did not bind to 
OVA even at very high concentration (tested here at 1:10,000).  
 
Remark: The results from BSA with the serum should be regarded with care as the 
apparent lack of inhibition is the results of a saturation effect. High concentrations of 
the serum were necessary here to show the non-binding to the native OVA while 
binding to the ILA-OVA conjugate.  
 
All hybridomas were frozen in liquid nitrogen (77 days after fusion) for a period of 
one month and plated again in culture afterwards. After one week in culture, the 
supernatants were tested again and some results were very awkward: 
– B3_A_3EA did not show inhibition using coprostanol standards and even the 
signal was very low (OD ~ 0.1).  
Consequently, the former hybridoma line B3_A was allowed to grow and it was 
again recloned. Three clones tested clearly positive (OD: 1.1; 0.94 and 0.84) – 109 
days after the fusion – and were expanded in 24-well plates. None of them showed 
inhibition and the signals in subsequent tests were very feeble as can be seen in 
the last test performed 130 days after the fusion (Figure 83). 
– The hybridomas FH10 tested alternately positive and negative along the 
screening process. Some positive clones were at this point positive but once 
amplified tested always negative when ILA-OVA and ILA-BSA conjugates were 
used.  
– The hybridomas FA9 gave some very high signals (above OD = 1) and once 
recloned some clones still tested positive for both conjugates ILA-BSA and ILA-
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OVA. They never tested positive in the direct ELISA and it was never clear to what 












Figure 83. Hybridoma supernatant screening (130 days after the fusion) on a plate coated 
with represent isolithocholic acid-ovalbumin (ILA-OVA) conjugate – bold triangles; and with 
the isolithocholic acid-bovine serum albumin (ILA-BSA) conjugate – open circles. The 
dotted-horizontal line represents the signal obtained with the negative control (non-
immunized mouse serum) which is also indicated by a minus; the positive control 
(immunized mouse 2 serum) is represented by the plus.  
 
Probably the most intriguing Hyb, DC6_E11, which was binding to OVA and 
showing some inhibition (Figure 82) does not express the same behaviour any 
longer (Figure 83). Strangely, the signals which were always very high (please refer 
to Figure 81, where the supernatant was diluted 1:5) are now very feeble even 
when the supernatant is used without dilution (Figure 83).  
It remains also unclear whether the results from Figure 80 were a fruitful 
coincidence or if something did happen to the secreting hybridoma B3_A_3EA.  
 
10.2. Reference method for sterols, stanols and  bile acids  
10.2.1. APCI-MS/MS 
For a better understanding of the results, an overview of the compounds’ structures 
is again presented. 
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Figure 84. Chemical structures of the sterols, stanols and 
bile acids under analysis. 
Compound R1 (C3) R2 (C5) R3 (C17) 




β - OH 
 
β - H 
 





α - OH 
 
β - H 
β – R3a - 
Cholesterol β - OH - β – R3a C5 – C6 
Ergosterol β - OH - β – R3b 
C5 – C6 
C7 – C8 
C22 – C23 
Stigmasterol β - OH - β – R3c 
C5 – C6 
C22 – C23 
Isolithocholic acid β - OH β - H β – R3d - 
Lithocholic acid α - OH β - H β – R3d - 
Cholestanone O β - H β – R3a - 
Cholestan H β - H β – R3a - 
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i. Scan Spectra  
Whatever conditions were used to acquire the spectra (in scan mode), after APCI 
ionisation, the molecular ion [M+H]+ was never present for all compounds containing 
the hydroxyl group on C3. Indeed, the pseudomolecular ion present in these 
spectra is the result of a neutral loss of a molecule of water – [M-H2O+H]
+ – as 
already reported for steroids,[351] some cholesterol derivatives[352,353] and cholesterol 
oxidation products.[354,355] The presence of an excess of H+ ions in the ionisation 
interface allows the formation of a very stable small molecule and a charged 
pseudomolecular ion, a typical feature for alcohols ionised under soft ionisation 
techniques such as APCI.[356] 
A coprostanol scan spectrum – Figure 85 – shows the pseudomolecular ion [M-
H2O+H]
+ (m/z = 374.1) as the most intense peak. The isotopic mass distribution, 
given in the insert figure, is in line with the theoretical ones obtained with 
ChemDraw: 100.0%, 29.2% and 4.1%, from the lowest to the highest m/z. 
Moreover, the same trend was observed for all the compound analysed except for 













Figure 85. Coprostanol scan obtained after injecting 25 µL of a 1 mg/L standard into the HPLC 
system. The signal is represented as relative intensity, corresponding 100% to 1.2x10
7 
cps 
(counts per second). The insert picture gives a detailed view of the isotopic mass abundances.  
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ii. Product scans  
The product scans show a high number of fragments when compared to less 
complex structures as the xanthines, for example. Not surprisingly, the 
fragmentation pattern is the same for the entire group under analysis, as a direct 
result of the common cyclopenta[a]phenanthrene skeleton. Slight differences can 
however be observed on the relative intensity of the different fragment ions, which 
are the result of small differences in chemical structure.  
The most intense fragments encountered in the product scans are included in Table 
23 as are the collision energies used to obtain them. Two product scans, 
coprostanol and isolithocholic acid, are shown to illustrate the pattern of 











Figure 86. Products scan of m/z 371.1 (coprostanol) and m/z 358.9 (isolithocholic acid) 
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Table 23. Fragments obtained for the sterols, stanols and bile acids after applying the 
indicated collision energy. The intensity of each fragment is included in brackets and the 




















95 (100%); 109 (95%); 135 (72%); 81 (68%); 









95 (100%); 109 (87%); 135 (72%); 149 (59%); 







147 (100%); 83 (97%); 95 (73%); 161 (62%); 
109 (61%); 81 (60%); 135 (60%); 187 (52%); 







147 (100%); 161 (85%); 95 (78%); 135 (76%); 
109 (73%); 81 (48%); 149 (45%); 107 (39%); 








95 (100%); 147 (90%); 135 (85%); 109 (82%); 
81 (80%); 107 (67%); 121 (57%); 161 (57%); 










95 (100%); 369 (97%)*; 109 (84%); 161 (71%); 
147 (70%); 123 (60%); 135 (55%); 149 (53%); 
121 (42%); 187 (39%); 81 (38%); 175 (35%); 
107 (34%); 387 (25%)
‡ 
 






69 (100%); 145 (55%); 159 (51%); 95 (42%); 83 
(39%); 147 (36%); 133 (32%); 107 (35%); 199 
(32%); 109 (29%); 123 (28%); 185 (28%); 121 









135 (100%); 149 (57%); 163 (43%);  
121 (36%); 95 (29%); 107 (29%); 177 (28%); 
109 (24%); 195 (24%); 81 (19%); 359 (18%)* 






135 (100%); 149 (78%); 109 (66%); 121 (60%); 
95 (48%); 163 (42%); 107 (36%); 189 (36%); 
195 (36%); 81 (30%); 177 (29%); 123 (24%); 
359 (30%)* 
 
The C17-C20 bond is the primary fragmentation site as illustrated by the solid black 
line in Figure 87. Several secondary fragmentation sites are represented by dashed 
lines and identified by a roman numeral, whose resulting ions are described in the 
table beneath the figure. Fragmentation I, II and IV had been observed by other 
authors and comprehensively described.[352] Herein, fragmentation IV and III are 
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additionally suggested leaving however ring A and D fragmentations pattern out of 
the discussion. In fact, the fragments produced by cleavage between C1-C2/C4-C5 
(ring A) and C13-C17/C14-C15 (Ring D) have the same mass (m/z 217) so as the 




























163 C12H19 161 C12H17 161 C12H17 159 C12H15 




149 C11H17 149 C11H17 149 C11H17 147 C11H15 




149 C11H17 147 C11H15 147 C11H15 145 C11H13 




177 C13H21 175 C13H19 175 C13H19 173 C13H17 
81 C16H9 81 C16H9 81 C16H9 81 C16H9 
Figure 87. Fragmentation pattern illustrated using coprostanol as example. The table details 
the resulting fragments.  
 
Worth to mention is the fact that a small difference within two quasi-consecutive 
collision energies bring about rather different spectra, mainly vis-à-vis the precursor 
ion. As illustrated below for isolithocholic acid – Figure 88) – an increment of 2 eV 
(from 30 to 32 eV) reduces the precursor ion by roughly 65%. Furthermore, a 
pattern can be observed for the m/z values higher than 175: the higher the collision 
energy the lower the relative intensity of the ions; being the opposite valid for the 
lower masses, as one would actually expect.  
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Exceptional behaviour seems to be the one from the two ions resulting by ring B 
cleavage, m/z 149 and m/z 109, which show almost no connection between the 
fragment intensity and the applied collision energy (in the short values range 
presented in Figure 88)a. 
 
Figure 88. Influence of the collision energy on the relative intensity of the fragments from 
m/z 359.4 (isolithocholic acid). The values indicated on the top right-hand side of the picture 
are the collision energies tested. 
 
iii. Multiple reaction monitoring (MRM) 
Two MRM transitions were used per compound: one for quantitation (MRM-Q) and 
a second one as confirmation transition (MRM-C). As a rule, the two most intense 
transitions were selected for the method except in cases where a less intense 
transition provides however a better signal-to-noise (S/N) ratio. Some collision 
energies used for the MRMs are slightly lower than the ones presented in Table 23, 
to allow a noticeable presence of the precursor ion (relative intensity between 20% 
and 30%).  
 
                                                 
a
 When higher collision energies (CE) were used, the relative intensities of these two fragments do change. The 
statement is thus just valid for the short CE range presented here. 
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iv. MS Parameter optimisation  
Nebulizing current (NC), entrance potential (EP), declustering potential (DP), 
source temperature (T), curtain gas (CUR) and ion source gas (GS) were optimised 
by acquiring first in Scan mode and thereafter using SIR mode.  
The results presented in Figure 89 and Figure 90 were obtained using scan mode, 
after extracting the correspondent precursor ion for each compound. The obtained 
peak was automatically integrated using the Analyst Software and the areas 
normalised to the maximum value (100%) for each compound and for each 
parameter. As an example, the maximum values for the coprostanol peak areas are 
the following: NC = 1.27x108; DP = 1.17x108; EP = 1.01x108; T = 1.06x108; CUR = 
1.06x108; GS = 8.29x107. As can be observed, only GS maximum presented a 
somehow lower value and this can be explained by the fact that this parameter was 
the last being studied, after three days of consecutive injections. Indeed slightly 
lower signals for this parameter were observed for all the compounds. For 
comparison purposes, a bar graph was included in Figure 89 (bottom), where the 
absolute signal is presented for the different ions. All the experiments were 
performed using a multi-compound standard mixture containing 1 mg/L of each 
compound.  
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Figure 89. Effect of the declustering potential on the peak areas (top graph). The 
absolute values corresponding to 100% of the relative intensities for each 
compound are presented on the graph on the bottom. For further details please 
refer to the text Seite 208. 
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Figure 90. Effect of several parameters on the signal intensity (peak area). Please refer to 
the text Seite 208 for detailed description about the presented data. 
 
The source temperature has a manifest effect on the signals. Below 200 °C only the 
cholestanone [M+H]+ ion can be detected and the most favourable temperature for 
the majority seems to be between 400 and 500 °C.  
Alcohols seem to require lower temperatures than the ketone, and among them the 
ones with the double bound C5-C6 (Stigmasterol, Ergosterol and Cholesterol) need 
lower temperatures. 
Ergosterol and Stigmasterol signals (both compounds have double bounds between 
C5-C6 and C22-C23) go side-by-side concerning the source temperature, being 
that the signal of Ergosterol (which has an additional double bond C7-C8) drops 
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faster when the temperatures overpass the threshold of 500 °C. Both compounds 
reach the maximum signal at 350 °C while the unsaturated structures, without 
double bonds, require at least 450 °C. And this temperature appears to be a good 
compromise for the entire batch analysed.  
A little difference can also be noticed between the isomers coprostanol and 
cholestanol. Higher temperatures are needed for the 3α isomer (Cholestanol) to 
achieve the same signal as the 3β isomer (coprostanol). 
Declustering potentials between 40 and 80 V provide the highest intensities and 
above 150 V a signal was quasi not observed (Figure 90). The nebulizing current 
seems to be irrelevant for values higher than 6 µA while the entrance potential 
experiment shows an unclear outcome. Regarding the curtain gas, the best signal 
for all the compounds was found to be 25 psi.  
 
10.2.2. Chromatographic separation  
i. Column selection  
The reversed-phase chromatography was performed using a C18 column SepServ, 
100 x 4 mm, 5 µm (hereafter abbreviated SEP) after testing two other columns: 
UltraSep ES C18 Phen1, 250 mm × 3 mm, 5 µm (hereafter Phen) and a monolithic 
column 50 mm × 2.0 mm (hereafter Monolithic).  
The Phen column provides acceptable separation but longer chromatographic runs 
than the ones obtained with the SEP column. Additionally the backpressure of the 
Phen column was considerably high when isopropanol was included in the mobile 
phase B: at 98% B (methanol:isopropanol, 1:1) the pressure was ~ 205 bar against 
~ 135 bar when using methanol alone.  
Attempts were made to reduce the viscosity of the mobile phase, thus reducing the 
overall backpressure, as well as the replacement of the tightly-packed column by a 
monolithic one. The highly-permeable monolithic structure generates indeed very 
low back pressure (30 bar for the same gradient used with the Phen, with 
isopropanol as mobile phase) and very short runs (< 10 min) but did not resolve two 
consecutive peaks – coprostanol and cholestanol – at the baseline (Resolution = 
0.75). Additionally, monolithic columns work optimally using higher flow rates (> 0.5 
mL/min) which are known to be detrimental for APCI ionisation, favoured by the 
lowest flow possible. Keeping the particle size (5 µm) and reducing the column size 
(by 15 cm) and diameter (by 1 mm) was the encountered solution to reduce the 
Part II – Coprostanol                                                                                                                Results and discussion  
  212 
backpressure, the run and equilibration times, without losing resolution in isomers 
separation. Hence the SEP column was selected.  
ii. Organic phase  
Methanol alone could not elute the compounds out of the Phen column. And 
isopropanol alone does not allow the separation between the isomers coprostanol 
and cholestanol. A mixture 1:1 (v/v) methanol:isopropanol brought about the best 
resolution without overlong run times (< 40 min).  
When acetonitrile was employed, a good separation was obtained but the peaks 
widths at half-height were very broad (between 80 s and 95 s) showing its 
arduousness to displace the compounds from the stationary phase. Cholestanone, 
the one compound lacking the alcohol group, is however the exception and it shows 
an acceptable peak width at half-height (32 sec). What is more, the retention times 
were exceedingly long making the chromatography utterly unfeasible for routine 
purposes (elution times: coprostanol = 59 min; cholestanol = 89 min; cholesterol = 
69 min; cholestanone = 29.4 min). The acetonitrile option could have been further 
explored but back there when the experiments were conducted, the solvent 
shortage and high prices led to its replacement by the aforementioned alcohol 
mixture.  
iii. Additives  
The chromatographic separation of sterols and stanols was not significantly altered 
by the additives tested (ammonium acetate, acetic acid and formic acid).  
No improvements on separation were observed when the additives were added 
only to the water phase. But when they were added to the organic phase, minor 
improvements were observed in the cholestanone/cholesterol resolution, mainly by 
using a mixture ammonium acetate 5 mM + 0.05% (v/v) acetic acid (Rs Additives = 
4.80; Rs without = 4.53). A dissimilar effect was observed for 
coprostanol/cholestanol, the resolution of which drops slightly from 4.08 to 3.90 
when additives are added. For the bile acid, as can be observed in Figure 91, the 
presence of additives is compulsory, proving the presence of the acid to be 
advantageous for the separation between the two isomers. Being organic acids 
themselves, with pKa~4.8, they do need addition of an acid to ensure a mobile 
phase pH~3, at least (99% of the non-ionised form). 
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Figure 91. Retention time of the analytes using three different aqueous mobile phases. The 
retention times are an average value of 5 consecutive injections. All the experiments were 
carried out on the same day, one after the other, starting with water and ending with the acetic 
acid mobile phase. 
 
Noteworthy was the unchangeable intensity of the MS signal whether additives are 
being used or not. Ionisation in positive mode is usually enhanced when proton 
abundance is provided by additives like ammonium acetate in the mobile phase. 
This does not apply here and the reason might probably be the low percentage of 
water in the mobile phase at the compounds’ elution time (2%).  
Part II – Coprostanol                                                                                                                Results and discussion  























Figure 92. Average signal intensity (in counts per second, cps) variation with the mobile 
phase composition (top graph). On the bottom the average signal-to-noise ratios obtained 
for the same injections (n = 5 consecutive injection per mobile phase, 1 mg/L standard, 25 
µL injection volume). 
 
Very high standard deviations were observed for the signal-to-noise ratios (n = 5) 
making it difficult to draw any reliable statement. Nonetheless the variation must be 
caused by noise variation between the injections as the signal intensity does not 
show discernible differences (Figure 92). The signal-to-noise ratios were calculated 
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as depicted in Figure 93: the noise was taken, for all the compounds, between 19.0 
and 19.5 minutes while the signal was calculated at the peak apex with a time 










Figure 93. Coprostanol chromatogram showing how the signal and noise were obtained for 
the calculation of the ratio S/N. The second peak is the isomer cholestanol.  
 
To sum up: 
The additives are essential for a successful separation of the bile acids but not for 
the sterols and stanols.  
Neither an improvement nor an inconvenience is attributable to the additive 
regarding the MS signals. Whenever bile acids are to be quantified, additives 
should be included in the mobile phase; otherwise, the use of water alone is 
adequate. 
 
iv. Column temperature  
As the column oven temperature increases, the faster the compounds will move 
throughout the column, thus lessening to some extent the peak resolution. 
Temperature affects more noticeable the coprostanol/cholestanol resolution than 
the cholesterol/cholestanone one. The resolution between the first pair of peaks 
decreases about 22% when the column oven temperature is increased from 50 to 
60 °C, whereas cholesterol/cholestanone resolution seems to remain unaffected. 
Temperatures below 50 °C, mainly at 40 °C, led to high backpressures and too long 
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analysis time (when using the Phen column). A compromise between resolution 
and throughput was selected by setting the thermostat to 50 °C.  
v. Gradient and flow rate 
Two final gradients were established. The first one starting with 80% of the organic 
mobile phase and with a flow rate set at 0.300 mL/min; and a second gradient 
starting with 20% of the organic phase at 0.400 mL/min (gradients are described in 
Table 24). The main advantage of gradient 2 is that it allows a slightly better 
separation of the bile acids. But as expected, the higher flow rate has a deleterious 
effect in the APCI signals’ intensity, as can be observed in Figure 94 . If sensitivity 
is at stake for stanols and sterols, then gradient 1 is highly recommended.  
 
Table 24. Gradients used to separate stanol, sterols and bile 
acids. Mobile phase A is water containing Ammonium acetate 5 
mM and 0.05% (v/v) acetic acid; mobile phase B is a 50:50 
(v/v) mixture of methanol and isopropanol.  
 Gradient 1 Gradient 2 
Time [min] % Mobile phase B % Mobile phase B 
0 80 20 
3 80 20 
10 80 40 
15 98 98 
30 98 98 
   30.1 80 20 
40 80 20 
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Figure 94. Chromatograms obtained using MRM acquisition (one transition per compound) 
and the two gradients described in Table 24: Gradient 1 (A) and Gradient 2 (B). 
Isolithocholic and lithocholic acid (359>135), ergosterol (379>69), cholesterol and 
cholestanone (369>95), cholestanone (387.5>95), coprostanol and cholestanol (371>95), 
stigmasterol (395.5>147).  
  
vi. Chromatographic resolution  
Detection in MRM mode usually does not require a good separation. An exception 
however comes about when isomers with identical fragmentation patterns are at 
play. This is the case here, where stereoisomers and functional group isomers are 
involved. A detailed view of the achieved isomers’ separation is given in Figure 95, 
when gradient 2 is used. Moreover, gradient 1 provides an equivalent resolution for 
all isomeric pairs with the exception for bile acid, whose resolution is lower. The 
peak resolutions are presented in Table 25. Stigmasterol and ergosterol were 
deliberately excluded from the table to improve readability. 
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Figure 95. Chromatograms showing in details the isomers separation: A – coprostanol and 
cholestanol; B – cholestanone and cholesterol; C – isolithocholic and lithocholic acids; D – 
same as C after fitting individually the peaks with a Gauss curve.  
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Table 25. Chromatographic data for the 3 pairs of isomers using two different gradients. 
Details on the calculations and equation are provided in the material and methods section 










Cholesterol Coprostanol Cholestanol 
Retention time 
[min] 
18.24 18.82 23.22 24.67 23.83 25.11 
Peak width at 
half-height [min] 
0.18 0.2 0.2 0.24 0.2 0.24 
Plates number (N) 54915 49118 74809 61182 76198 62499 
Height  equivalent 
to one theoretical 
plate  
5492 4912 7481 6118 7620 6250 
Capacity factor 
(K') 
5.72 5.93 7.55 8.09 7.78 8.25 
Selectivity factor 
(α) 
 1.04  1.07 1.06  
Peak width at 
baseline (W) 
0.5 0.5 0.55 0.65 0.8 0.6 
Resolution (Rs) 1.16 2.42 1.84 
Purnell Resolution 
(PRs) 
1.7 3.64 3.52 
 
Gradient 2 
 LA ILA 
Cholestan- 
one 
Cholesterol Coprostanol Cholestanol 
Retention time 
[min] 
5.25 5.99 22.32 24.22 23.21 24.8 
Peak width at 
half-height [min] 
0.25 0.28 0.23 0.25 0.24 0.26 
Plates number (N) 2386 2570 53052 50747 54122 49835 
Height  equivalent 
to one theoretical 
Plate  
239 257 5305 5075 5412 4984 
Capacity factor 
(K') 
0.93 1.21 7.22 7.92 7.55 8.13 
Selectivity factor 
(α) 
 1.29  1.1 1.08  
Peak width at 
baseline (W) 
0.6 0.88 0.7 0.8 0.75 0.7 
Resolution (Rs) 1 2.53 2.19 
Purnell Resolution 
(PRs) 
1.56 4.42 3.7 
 
T0 (non-retained solute) = 2.93 min (Gradient 1); 2.72 min (gradient 2). 
 
                                                 
j
 LA – Lithocholic acid. 
k
 ILA – Isolithocholic acid. 
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vii. Quantitation  
A calibration curve using 8 or 9 standards was established, per each compound, 
using the method of least squares. All but cholestanone were fitted using a linear 






Figure 96. Calibration curves for sterols and stanols.  
 
10.2.3. Extraction methods  
i. Membrane-assisted liquid-liquid  extraction  (MALLE) 
Sterols and stanols can be extracted from the water phase into the receiving 
organic-phase (isopropanol) through a polyethylene membrane. 
Two different densities were successfully tested: low-density polyethylene (LDPE) 
and high-density polyethylene (HDPE), though with different outcomes.  
LPDE membranes show better recovery rates, as illustrated by the higher signals in 
Figure 97. The main drawback of these membranes is the often observed leakage 
of solvent into the water phase.  
It should be borne in mind that MALLE is an equilibrium technique[327] and therefore 
recovery rates close to 100% should not be expected. In any case, the obtained 
recovery values were not enough to reach the desirable quantitation limit for 
coprostanol: at least 0.1 µg/L. Recovery rates between 5% and 10% were obtained 
Compound R
2
 Slope Intercept 
Coprostanol 0.9992 2699.5 168.15 
Cholestanol 0.9989 1236.6 2915.2 
Cholesterol 0.9990 9479.5 -35466 
Ergosterol 0.9986 5711.9 -257.63 
Stigmasterol 0.9986 1359.7 1779.0 
Cholestanone 0.9970 y = -8x
2 
+ 4518.6x - 25945 
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HDPE  LDPE 
 slope Intercept R
2
   slope Intercept R
2
 
Coprostanol 3111 1824 0.9789  Coprostanol 12025 -732 0.9847 
Cholestanol  3306 8061 0.9956  Cholestanol  12794 1957 0.9654 
Cholestanone 1407 3490 0.8730  Cholestanone 7595 1603 0.9489 
Stigmasterol  1220 1430 0.9980  Stigmasterol  5173 -113 0.9883 
Ergosterol  2949 1644 0.9427  Ergosterol  10555 535 0.9710 
Figure 97. Membrane-assisted liquid-liquid microextraction using high-density polyethylene 
(HDPE) and low-density polyethylene membranes (LDPE). Four standards were used to 
establish the HDPE calibration curves and five for the LDPE. The slopes and the correlation 
coefficients of the linear calibrations are summarised in the inserted table. 
 
In an attempt to increase analytes' recovery the variables pH and ionic strength of 
the sample were studied using LDPE membrane and spiked tap water. Acid pH 
showed better recovery rates than neutral or alkaline ones (Figure 98). Surprisingly, 
the addition of NaCl seems to have no effect (or even being detrimental) for most of 
the compounds studied, as already observed for compounds used as UV filters in 
solar lotions extracted using the same technique.[327] These results should be 
looked at very carefully because the experiment was just performed once and the 
data is not enough to sketch a conclusive statement. Nevertheless, the pH effect 
was observed in all the extraction techniques tested beforehand and not described 
in this thesis: liquid-liquid extraction, liquid-liquid microextraction[357] and single-drop 
extraction.[358] 
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The variable temperature was not evaluated because the experimental setup did 
not permit it, mainly the option not to use stir-bar (“flea”) inside the sample flasks. 
Without it, the sample could not be agitated on a hot-plate magnetic-stirrer device 




Figure 98. Influence 
of the pH and salt 
(NaCl) adding in the 
recovery rate of the 
analytes. The pH 
values tested were 
5, 7 and 9 and for 
each of them three 
concentration of 
NaCl were tested: 




Other factors could have been further explored but the main drawbacks were still to 
be solved beforehand: repeatability of membranes preparation (size, sealing and 
cutting), adsorption of the analytes on the outer membrane and solvent leakages.  
 LPDE membranes were the ones where leakages happened more often, barely 
any of the membranes retained the 200 µL solvent placed inside them before the 
extraction. Another solvent – a water immiscible one – could have been a possible 
solution but then the advantages of using a membrane interface would have 
become pointless, as the solvent could be in direct contact with the sample and 
recovered afterwards. 
Even if the repeatability problem concerning the membrane preparation would be 
solved, together with the leakages/diffusion of the solvent into the water, the 
adsorption of very non-polar compounds on polyethylene membranes seems 
unavoidable. New polymers can be tested in the future for similar non-polar 
compounds and further variables optimised, following what has been successfully 
done for less polar substances like UV filters in water samples.[327] 
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ii. Dispersive liquid-liquid microextraction (DLLME) 
Alcohols cannot be used as dispersive solvent for DLLME of sterols and stanols. 
The solubility of these analytes in the alcohols, tested as dispersive solvent (ethanol 
and isopropanol), is most likely the reason for the incomplete transfer into the 
organic phase (n-hexane). Cholesterol seems to an exception, it presented 
recoveries around 90% when ethanol was used as dispersive solventl. Other 
authors observed the same behaviour for cholesterol in food samples but 
unfortunately they did not include other compounds in their study to allow for a 
comparison.[328] 
The extraction solvent was selected after testing some others: carbon tetrachloride, 
dichloromethane, octanol, n-butanol, ethyl acetate and 2,2,4-trimethylpentane. The 
first two solvents – carbon tetrachloride and dichloromethane – having densities 
higher than water, required a special extraction tube as the one depicted in Figure 
99. Besides the wearisome handling of these tubes during the extraction, mainly 
caused by their fragile bottom, the extracting solvent recovery from the bottom 
using a glass Pasteur pipette was sometimes difficult. Thus, solvents with lower 
densities than water, low melting points (< -70 °C) and 
immiscible with water at the concentrations used, were 
finally selected. Octanol produces very good recovery 
rates (similar to the ones obtained with n-hexane) but 
has a major drawback: too long evaporation time – 
extending for more than one hour – and consequently 
high consumption of nitrogen. Also the phase 
separation cannot be performed using temperature (-20 
°C) because octanol itself will freeze. Yet, at room 
temperature octanol can be rather efficiently and 
completely recovered from the sample surface.      
Figure 99. Extraction tube used for DLLME with extraction solvents having higher densities 
than water. 
 
With n-butanol and ethyl acetate poor recoveries were obtained overall mostly 
because the 200 µL volume added before the extraction could not be completely 
recovered after the freezing step. These two solvents are not completely immiscible 
                                                 
l
 20 mL of a sterols standards 1.5 µg/L in Milli-Q water, 1 mL ethanol, 200 µL carbon tetrachloride. 
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with water and frequently an emulsion interface was produced, particularly in 
water/n-butanol mixtures. 
Hence, n-hexane was the selected extracting solvent: It has low solubility in water 
(13 mg/L at 20°C), density 0.6548 kg/L and a melting point of – 95 °C. After 
extracting and freezing the samples, exactly 200 µL of n-hexane was always 
recovered from the extraction vial.  
As dispersive solvents, besides the aforementioned ethanol and isopropanol, only 
acetonitrile was tested. The good results obtained with acetonitrile (Figure 100) 
discouraged further testing with other commonly utilised dispersive solvents, as 
acetone for example.[359,360] 
The volume of the dispersive solvent seems not to affect upon most of the 
compounds with the exception of ergosterol (Figure 100 – top left-hand side). 
Nonetheless the presence of the dispersive solvent is required to achieve 
acceptable recoveries in fairly short extraction times. The minimum extraction time 
tested was one hour, yet several authors reported comparably shorter times (a few 
minutes)[328,359,361] while using higher amounts of dispersive solvent (in the mL 
range). As for the dispersive solvent, ergosterol extraction efficiency is improved by 
increasing the extraction time, being in this case the difference very significant.   
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Figure 100. Factor optimisation for dispersive liquid-liquid microextraction (DLLME): 
dispersive solvent volume, extraction time, sample volume and acid pH. Each column 
represents the average value of the recovery (n = 3) and the error bars the associated 
standard deviation of the mean.  
 
The sample volume graph – Figure 100 left-hand side, bottom – should not be 
looked at isolated but in association with the extraction solvent volume used: 200 
µL in all cases. Better results were obtained using 20 mL of sample and 200 µL n-
hexane; the same outcome would have probably been obtained if 100 µL n-hexane 
had been used to extract just 10 mL sample.  
In general, all compounds’ recovery is improved when the samples are acidified 
with 10 µL HCl 20%. This trend was observed no matter which kind of liquid-liquid 
extraction technique was used.  
Salt-addition is evidently not possible as adding a solute like NaCl into the water 
causes a freezing-point depression, making impracticable the phase separation by 
freezing. 
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Cholesterol shows always the highest standard deviation (low repeatability) among 
the studied compounds. Even though measures had been taken to avoid 
contamination, including the use of gloves in every step of the extraction process, 
the ubiquitous distribution of cholesterol seems to play a role on the final results 
variations.  
The final conditions used for extracting the water samples and standards are 
described in the methods section (9.2.3.ii, page 173).  
Several standards (Milli-Q water spiked with the analytes) and spiked surface 
waters, from different origins in Berlin, were extracted and the obtained recoveries 
displayed in Figure 101 and Figure 102.  
 
 
Figure 101. Spiked Milli-Q water samples extracted by DLLME. Several standards were 
prepared in Milli-Q water (0.10 µg/L – 5.0 µg/L) and split in three aliquots each prior to 
extraction. The bars represent the average of the three extracted standards and the error 
bar the associated standard deviation.  
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Figure 102. Spiked real samples with 1 µg/L sterols/stanols mixture. Several surface water 
samples, from different locations in Berlin, were spiked with 1 µg/L standard and extracted 
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11. Water sampling campaigns (PART III) 
 
Several water campaigns were carried out; some small-scale ones were used to 
study matrix effects or validate the caffeine immunoassay and are not included in 
this section. Although wastewaters were out of the scope of this thesis, some tests 
had to be performed mainly due to some matrix effect/interference found near a 
wastewater discharge point in Teltowkanal. Extending the scope of the developed 
caffeine immunoassay to wastewater requires further studies and optimisation.  
The climate conditions on the sampling day were obtained from the Deutscher 
Wetterdienst (climatological data online).[362] The watercourses’ flows, STP 
locations, discharged points and effluent volumes were obtained from Berliner 
Wasserbetriebe (BWB) and their published data.[363] 
 
11.1. Surface waters  
11.1.1. Previous screening for matrix mineral 
characterisation 
Six grab samples were collected on the 10th and the 11th of December 2007 from 
diverse watercourses and lakes in Berlin – Figure 103. The matrix characterisation 
was performed by a reference laboratory (Metal analysis, Inorganic Reference 
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 of December 
2007. The map was obtained from Googlemaps on the 15.01.2008. Samples origin: (1) 
Havel; (2) Schlachtensee; (3), (4) and (5) Spree; (6) Teltowkanal.  
 
Remarkable differences were not noticed between the samples regarding either the 
calcium concentration (ranging from 96 to 105 mg/L), or the electric conductivity 
(from 645 to 695 µS/cm). The results are described in detail in Table 26.  
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Table 26. Results of the elements and anions of six water samples from different origins in 

















 (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
Element       
Al 0.012 0.009 0.027 0.016 0.013 0.058 
Cu 0.002 0.003 0.002 0.006 0.002 0.010 
Fe 0.077 0.006 0.25 0.22 0.15 0.18 
Hg n.d.* n.d. n.d. n.d. n.d. n.d. 
Mn 0.12 0.003 0.13 0.12 0.11 0.11 
Se n.d. n.d. n.d. n.d. n.d. n.d. 
Zn 0.009 0.004 0.007 0.006 0.004 0.004 
Ca 95.80 81.77 102.45 103.52 104.27 104.55 
K 8.81 9.09 6.95 6.95 6.80 6.48 
Mg 12.19 10.82 14.14 13.97 14.00 13.95 




 0.15 0.16 0.17 0.17 0.18 0.16 
Cl
-
 60.7 81.5 51.6 52.9 52.0 50.3 
SO4
2-
 141.3 120.4 182.1 183.8 178.9 174.7 
NO3
-
 6.3 2.2 3.3 3.1 2.6 2.4 
NO2
-
 8.0 6.1 7.5 7.5 7.7 5.9 
PO4
3-
 0.4 < 0,3 0.4 1.2 0.3 < 0,3 
 




683 645 695 697 692 671 
 
The samples were analysed for the several xanthines in order to understand the 
distribution of the caffeine metabolites in the water compartment. As this preliminary 
study already shows (please refer to Figure 104) the main caffeine metabolite, 
paraxanthine (~90% of caffeine is metabolised to paraxanthine by humans)[307,364] 
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shows a residual presence in water. Paraxanthine is not very often included in the 
monitoring programs but when it is the case, its concentration were always well 
below  the caffeine’ ones.[365,366] The removal efficient of paraxanthine, in 
wastewater treatment plants does not differ from the caffeine one[367] and, 
considering that paraxanthine concentration in the affluent is much higher than the 
caffeine one; then the reason for such low concentration in surface and 
groundwater samples – here and in reported data[365,366] – is probably due to 
stability differences between both compounds when in the environmental 
compartments. 
Interesting are also the figures observed for theophylline and theobromine: although 
both are minor metabolites of caffeine, they have as well their own direct input in 
the environment via tea and chocolate, respectively. Yet, their concentrations are 
also very low, with theophylline being even undetected in five out of the six samples 
analysed. Again, even if the reason for this has not yet been unveiled, the 
similarities between the three chemical structures (paraxanthine, theophylline and 
theobromine) and dissimilarities with caffeine itself should be considered: the three 
metabolites are dimethylated while caffeine is tri-methylated, without any available 
secondary amine for N-conjugated elimination by humans. As aforesaid, no further 
explanations can be given besides speculation as some work is still to be done for 
clarifying the reasons behind these surprising observations. Unfortunately at the 
time this previous monitoring study was performed the method for the metabolite 
xanthine was not ready and these data is lacking here.  
The antibiotic sulfamethoxazole was part of a student master thesis and since it 
was monitored using the same SPE-LC-MS/MS method the results were included in 
Figure 104. Sulfamethoxazole, as other pharmaceutical active compounds, are 
present in water at very low concentration, sometimes even undetected; but 
sulfamethoxazole concentration do correlate well with a higher concentrated 
compound, and thus easier to detect and quantify: caffeine.    
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Figure 104. Concentration of xanthines and the antibiotic sulfamethoxazole in six water 
samples from different watercourses in Berlin, measured by SPE-LC-MS/MS.  
 
The samples were also quantified using the immunoassay (ELISA), directly and 
after solid-phase extraction (SPE). The high solubility of caffeine in water permits 
recovering the SPE extracts’ residue in 100% water and thus performing the 
immunoassay unconcerned over the presence of organic solvents. The correlation 
between SPE-LC-MS/MS and ELISA has previously been disclosed (7.6 Monitoring 
caffeine in water samples, page 142) and Figure 105 is only included here to bring 
out the fact that a 1000-fold sample concentration prior to ELISA can further 
improve the correlation of results with the LC-MS/MS. Even without SPE, the 
results are pretty encouraging if one keeps in mind that 3 orders of magnitude 
difference, in terms of concentration, are being compared.   
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Figure 105. Caffeine concentration in six surface water samples by two different methods: 
SPE-LC-MS/MS and ELISA, with and without pre-concentration (SPE).  
 
This previous screening showed that the surface waters’ mineral composition in 
central Berlin is very alike. And caffeine was the most concentrated xanthine in all 
the samples analysed while its metabolites unexpectedly revealed lower 
concentrations. Xanthine itself was not analysed during this water screening.  
 
11.1.2. Berlin Water Screening (BWS) 
In June 2009 a large water screening was conducted for 4 weeks involving large 
amounts of samples, different research projects, several analysts and the entire 
immunochemical methods group (BAM) manpower. A total of 20 surface water 
spots were selected, from several watercourses in Berlin: Teltowkanal, Spree, 
Havel, Wannsee, Dahme and Erpe (Neuenhagener Muehlenfliess). Some of the 
spots were deliberately selected downstream and upstream of sewage treatment 
plants (STP) discharging points, to evaluate their contribution to caffeine input into 
surface waters. The sampling spots, as well as the sampling dates, are described in 
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Table 27. Berlin water screening (June 2009) – sampling spots and dates of the 20 
analysed samples. STP stands for Sewage Treatment Plant. 
Sample Sampling spot Observation 
Sampling 
date 
1 Teltowkanal – Wegedornstraße downstream of STP Wassmannsdorf 02.06.2009 
2 Teltowkanal – BAM downstream of STP Wassmannsdorf 02.06.2009 
3 Teltowkanal – Kleingartensiedlung  downstream of STP Wassmannsdorf 02.06.2009 
4 Teltowkanal – Emil-Schulz-Bruecke uptream of STP Ruhleben 09.06.2009 
5 Teltowkanal – Krahmersteg downstream of STP Ruhleben 09.06.2009 
6 Teltowkanal – Hafen Steglitz downstream of STP Ruhleben 09.06.2009 
7 Teltowkanal – Autobahnbruecke uptream of STP Stahnsdorf 09.06.2009 
8 
Teltowkanal –  Schleuse 
Kleinmachnow 
downstream of STP Stahnsdorf 09.06.2009 
9 Teltowkanal – Friedensbruecke downstream of STP Stahnsdorf 09.06.2009 
10 Großer Wannsee – Scabellstraße  16.06.2009 
11 Havel – Heerstraße  16.06.2009 
12 Havel – Eiswerderufer Before the influx to the Spree 16.06.2009 
13 
Spree Ruhleben – An der 
Spreeschanze 
Before the influx to the Havel 16.06.2009 
14 Spree Bellevue – Bundesratufer  16.06.2009 
15 Spree Treptower Park – Molecule Man  16.06.2009 
16 Spree – Spindlersfelder Straße 
Behind the confluence of the  Dahme 
and the Mueggelspree 
23.06.2009 
17 Mueggelspree – Mueggelseedamm Before the influx of the Erpe 23.06.2009 
18 Dahme – Oberspreestraße Before influx into the Spree 23.06.2009 
19 
Neuenhagener Muehlenfliess (Erpe)  
Muehlenstraße 
downstream of STP Muenchehofe 23.06.2009 
20 
Neuenhagener Muehlenfliess (Erpe) 
Friedrichshagener Chaussee 








Figure 106. (Next page) Berlin water screening (June 2009) – The sampling spots are 
represented by the yellow spheres with the respective sample number inside, the Sewage 
Treatment Plants (STP) location are marked with red spheres and their discharge points 
identified with the bold-black lines. The map was downloaded from Wikipedia on the 21
st
 of 
October 2010 without any further modifications. 
(http://de.wikipedia.org/wiki/Datei:Karte_der_Berliner_Wasserstraßen.png) 
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The xanthines distribution in this water screening (BWS) showed dissimilarities to 
the previous one: even if caffeine is still the most dominant xanthine in most of the 
samples, the distribution of its metabolites revealed new and interesting features 
(Figure 107). The reason for this seems to be the fact that this time spots near 
sewage treatment plants (STP) discharging points were included along with other 
surface water without treated wastewater (direct) input. These samples (STP) show 
indeed very interesting insights on xanthines’ stability in waters. As can be 
immediately seen in Figure 107, xanthine is the major component in the first 3 
samples (all from Teltowkanal, downstream of STP Wassmannsdorf, collected on 
the same day). And its presence was exclusively detected in surface waters with a 
direct treated wastewater input, independently of the contamination level of the 
sample (known from other colleagues’ results and caffeine itself). Calculating the 
concentrations ratios caffeine/xanthine, the samples can be backtracked to the 
sampling spot: Teltowkanal (STP Wassmannsdorf) – 0.3 ± 0.05; Teltowkanal (STP 
Ruhleben) – 2.8 ± 0.5; Teltowkanal (STP Stahnsdorf) – 6.4 ± 1.5. These samples 
were not collected within the same day (Table 27, page 235) and a possible 
explanation for these differences is the time mediating the treated wastewater 
discharge and the sampling itself. If xanthine half-live in water is very short 
(assuming a couple of hours) this would explain the differences found and also why 
xanthine was never detected in the remaining water samples. In any case, stability 
studies will be very welcome for a comprehensive understanding of the whole 
picture.  
Paraxanthine shows a different outcome. Unlike xanthine, its entrance into the 
environment is exclusively through caffeine metabolism[368,369] and, analytically it 
has a lower limit of detection by SPE-LC-MS/MS allowing to estimate its 
concentration in all the 20 samples analysed. Regarding the concentration ratio 
caffeine/paraxanthine, one can not backtrack the origin of the sample as it could be 
made for xanthine. When samples are sorted by this ratio caffeine/paraxanthine, 
samples with STP input are flanked below and above by other surface waters 
without it, and no trend can be found. Nevertheless what can be observed in those 
samples with higher caffeine concentration is a highest ratio caffeine/paraxanthine: 
all samples in Figure 107 with caffeine concentrations above 0.3 µg/L, i.e., the 
immediately visible concentration peaks (samples 8, 9, 11, 13, 19, 20), present an 
average ratio of 20 ± 3.6 while the ones below the 0.3 µg/L caffeine threshold have 
an average of 7.2 ± 2.3. The previous screening (11.1.1, page 229), performed with 
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surface waters without wastewater input and caffeine concentration about 0.12 




















Figure 107. Results of the BWS (June 2009): Upper graph – Xanthines’ concentrations in 
surface waters; and lower graph – Contribution of each individual xanthine in the overall 
xanthine content per sample, in percentage. Sample 20 present a very awkward result for 
theophylline, but no logical reason was found to explain it. 
 
In the same samples coprostanol and carbamazepine (an antiepileptic) were also 
measured and the results are summarised in Figure 108. A good correlation 
between caffeine and coprostanol concentrations was found and some interesting 
feature arose out of the data: sample eleven (11) for example shows increased 
caffeine and coprostanol concentration but not carbamazepine ones, showing that 
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probably untreated combined wastewater (wastewater and rainwater) has reached 
the Havel. While in the previous sampling days (02.06.2009 and 09.06.2009) no 
rainfall was registered, the day before collecting samples 10 to 15, 12.2 mm of 
rainfall were measured in Berlin-Tempelhof. The same reason can explain the 
concentration peaks observed for sample 19, which was collected after intense 
rainfall in the previous two days (17.1 mm and 4.6 mm, respectively). Once the 
affluent volume exceeds the capacity of the STP, as after intense rainfall, a part of 
the affluent is discharged untreated in several spots in Berlin.[363] This also explains 
the peak of theophylline observed in sample 19 (Figure 107), meaning that some 
amounts of this xanthine did not pass through sewage treatment.   
 
 
Figure 108. Caffeine, coprostanol and carbamazepine concentration in the samples 
collected during the BWS (June 2009).  
 
As the results show, caffeine and coprostanol present alike outcome concerning 
human contamination input into surface waters. Caffeine is present in highest 
concentrations and additionally can be analysed faster (using ELISA) and with 
lower limit of detection than coprostanol. Therefore, for the huge amount of samples 
measured during the screening hereafter described, caffeine was selected as the 
indicator of the contamination level of the watercourses.  
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11.1.3. Teltowkanal (TK) 
i. Teltowkanal screening 1  
The samples were collected on the 1st of October 2008 along the Teltowkanal 
(Berlin), every 0.5 km, from kilometer 37 to kilometer 27 – sampling from east to 





Figure 109. Caffeine concentrations in Teltowkanal, in October 2008. A sample was 
collected every 0.5 km from km 37 to km 27 – black spheres – following the channel flow as 
indicated by the bold-arrows on the map on top. Bottom graph: The samples’ pH is 
represented by the grey open-squares connected with a line in the same colour; caffeine 
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The sampling aimed at evaluating the impact of the STP discharge in the 
Teltowkanal. The STP Wassmannsdorf is discharging its treated effluent between 
km36 and km35, the point where caffeine concentration increases sharply (Figure 
109) and the pH value decreases, illustrating chemically that impact. The effluent is 
discharged at 2.3 m3/s and it is entering the Teltowkanal (0.77 m3/s), at 1.99 
m3/s.[363]m Easy to understand is the impact caused by such high amount of effluent 
in a low-flow channel. Some compensation is however introduced a few meters 
downstream by the entrance of groundwater into the channel. An out-of-service 
water treatment plant (WTP) is still pumping groundwater into the channel with an 
average flow of 0.24 m3/s and hence diluting the effluent. The Britzer 
Verbindungkannal (1.50 m3/s)  – connecting the Spree to the Teltowkanal – is 
additionally helping to reduce the effluent impact as can be seen in the samples’ 
results from the first kilometres of the Teltowkanal (samples 29 – 27, Figure 109).  
ii. Teltowkanal screening 2 
The second water sampling in Teltowkanal was planed in order to show if major 
day-to-day variations exist regarding caffeine concentrations and consequently the 
contamination level of the channel.  
Grab samples were collected every week day from the 2nd of November 2009 until 
the 22nd of March 2010, between 1p.m. and 2 p.m – except when the channel was 
partially frozen and during holidays. One sample was collected 400 m upstream of 
the STP Wassmannsdorf discharge point and the second one 200 m downstream. 
The upstream sampling spot was frozen between the 6th of January and the 19th 
February 2010; hence some samples were not collected during this time. Also, 
during Christmas holidays (19th December 2009 to the 6th of January 2010) samples 
were not collected. The ELISA was performed once a week and samples were 
placed at 4°C until analysis. The sampling was organised and performed together 
with a PhD colleague, Arnold Bahlmann, who was measuring the anti-epileptic drug 
carbamazepine within his PhD project. The carbamazepine data are herein 





                                                 
m
 Data from the summer 2003. 
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Figure 110. Caffeine (black bold circles) and Carbamazepine (open triangles) concentration 
in Teltowkanal, downstream and upstream of STP Wassmannsdorf discharging spot, from 
the 2
nd
 of November 2009 until the 22
nd
 of March 2010. The upper graph represents the 
samples collected 400 m upstream of the STP affluent and the lower one the samples 
collected 200 m downstream. The break in the x-axis represents the Christmas holidays, 
when samples were not collected; Sample between the 2
nd
   February and 18
th
 February 
2010 were not collected upstream as the sampling site was frozen. The inserts in both 
graphs depict the respective caffeine (x-axis)/ carbamazepine (y-axis) linear correlation; 
upstream: y = 0.0103x -0.046 (R
2 
= -0.0052); downstream: y = 2.164x – 0.08 (R
2 
= 0.74).  
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Not surprisingly the caffeine results downstream of the STP correlate well with 
another human contamination marker: carbamazepine (R2 = 0.74), with this last 
presenting almost always the highest concentrations. This was expected as 
caffeine is efficiently removed (>95%) by STP[67,370] whereas carbamazepine is not 
(<30%).[370] 
Contrary, the downstream results were somehow unanticipated, with higher 
caffeine concentration and some odd concentration peaks. One of those caffeine 
concentration peaks appears together with a high carbamazepine concentration (1st 
of December 2009, Figure 110), which is probably due to a flow inversion on the 
channel or due to a boat passing by shortly before the sampling moment. That day 
the caffeine concentration downstream (0.80 µg/L) was rather high, thus supporting 
the hypothesis of a flow inversion. An explanation for the remaining samples, with 
very high caffeine concentration unaccompanied by the carbamazepine ones, it is 
not so clear. A possible flow of non-treated wastewater nearby would explain these 
values but no spot was identified within the timeframe of this thesis. Curious is the 
fact that these peaks appeared exclusively on Mondays and Tuesday, which may 
be nothing but an insignificant coincidence.   
Another interesting feature of this Teltowkanal sampling is that it allowed showing 
something often unmentioned in environmental chemistry studies:  the influence of 
climate conditions on the final analytical results. Frequently the climate conditions, 
before and during the sampling, are neither provided nor taken into account during 
results interpretation. As shown in Figure 111, the rainfall seems to influence 
somehow the final caffeine concentrations: days with intense rainfall are 
accompanied by high caffeine concentration downstream, whereas upstream 
concentrations peaks only occurred in days with none or very little precipitation.  
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Figure 111. Caffeine concentrations variation in Teltowkanal, downstream (bold squares) 
and upstream (open circles) of the STP Wassmannsdorf discharging point and the rainfall 
(x-axis) registered in the day where the sample were collected.  
 
As most of Berlin has a combined system for collecting wastewater and run-off rain 
waters,[363] it is reasonable that in days with intense rainfall the STP, reaching its 
treatment capacity, discharges untreated combined-wastewaters into the channel. 
This topic is discussed further on afterward using a superior example of the rainfall 
influence on caffeine concentration using the model Landwehrkanal (11.1.4 - 
Landwehrkanal, page 245).  
 
11.1.4.  Landwehrkanal (LWK) 
Within-day variations on caffeine concentrations were studied using samples from 
Landwehrkanal, which contrary to the Teltowkanal does not have flow input from 
STP effluents. A grab sample was collected every morning (8.00h – 11.00h) and 
every evening (20.00h – 24.00h) at a single sampling spot: Planufer, near the 
Urbanhafen (52.495121° N13.41082° E35 m). The sampling was performed daily 
from the 9th November 2009 until the 16th December 2010, unremitting and 
including weekend days.  
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Figure 112. Caffeine concentrations in Landwehrkanal – within day variation. Carbamaze-
pine (CBZ) concentrations found in the morning samples are also included. The bars 
represent the daily rainfall in millimetres (mm).  
 
The caffeine concentrations’ mean in the morning (0.904 ± 1.014) is slightly higher 
than at night (0.773 ± 0.700), but the difference is not statistically significant (paired 
sample t-test, at 0.05 level and 36 DOF). Interesting to observe in Figure 112 is the 
steadiness of the caffeine concentration in the morning and at night until the end of 
November.   
Different is the picture after the beginning of December, when several caffeine 
concentration peaks occur, either in the morning or in the evening. The graph in 
Figure 112 also includes the rainfall amount on each day and a connection seems 
to exist between the high amount of rainfalln and the caffeine peak during 
December. The houses’ wastewaters and run-off rainwater (from the buildings) flow 
into a unique system in the central neighbourhoods of Berlin; when the volume of 
this combined wastewater arriving into the STP exceeds their capacity, as in case 
of intense rainfall, a part of this combined wastewater is deviated untreated into the 
Landwehrkanal and the Spree.[363] This explains the high caffeine concentrations 
observed after intense rainfall in December but leaves a question open: why did the 
concentrations not increase after intense rainfall on the 23rd and the 24th of 
November? A possible explanation for such a nonconforming observation is the 
                                                 
n
 The daily rainfall was calculated from 5.55 a.m. – 5.50 a.m. of the next day.  
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strong winds observed on that day. On those two days, wind from southwest and 
west, respectively, with 35 km/h were registered, while on the remaining sampling 
days the maximal speed ever registered was 20 km/h. Considering that the 
samples were always collected on the same spot, the strong winds can explain why 
in those particular days caffeine concentration were not as odd as the ones 
observed in December after the same rainfall amounts.  
The message to take from these results is: if one took a grab sample on the 
morning of the 1st of December or the next morning, the results will be completely 
different:  0.245 µg/L and 2.26 µg/L caffeine, respectively.  Thus, stressing the need 
to produce on-line monitoring systems for quantifying particular analytes (as 
caffeine) and therefore detect contamination events. A comprehensive study about 
this combined sewers overflows to surface waters was published in 2006 by the 
Swiss Federal Office for Agriculture (Agroscope), Buerge et al., stressing that 
caffeine is a “gold-marker” to determine the level of surface waters’ contamination 










Figure 113. Detailed view of the Landwehrkanal (Berlin) showing the combined rainwater-
wastewater discharging point (bold triangles) in cases of storm and intense rainfall. The 
sampling spot is indicated by the grey-arrow.  
 
Another interesting feature arising from Figure 112 is the low and fairly constant 
carbamazepine concentration found in the samples. Its concentrations vary from 
0.070 µg/L to 0.125 µg/L, a very short range when compared with the one found in 
the Teltowkanal samples (downstream of STP: 0.080 µg/L – 1.76 µg/L) and caffeine 
itself in Landwehrkanal. Then, it is very likely that a source of non-treated 
wastewater is present somewhere in the Landwehrkanal.  
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Despite the already mentioned occasional high concentrations of caffeine, a 
constant input is likely to be present considering the “steady-state” caffeine 
concentrations. They are often much higher than the ones found downstream of the 
STP in the Teltowkanal. Whether this is due to some leakages on the wastewater 
system or some direct wastewater streaming into the channel remains uncertain. 
An attempt to identify some direct wastewater flows was done by organizing a 
sampling campaign along the Landwehrkanal on the 12th of December.  
The sampling was performed on the 12th of December 2009 and the climate 
conditions (daily average) are summarised in Table 28. During the sampling 
campaign (15.10h first sample – 16.40h the last one) it was snowing and raining 
with temperatures from 0 °C to 1°C, humidity 100% and wind from Northwest. The 
samples were collected from west to east as indicated in Figure 114, from sample 1 
to sample 12, in duplicate.  
 
Table 28. Climate condition on the 12
th



















Min. Med. Max. 










14.00h 2.4 7 0.3 
15.00h 2.6 4 0.3 
16.00h 1.1 17 1.9 
17.00h 1.3 22 0.5 
 
Day averages 
Sampling period   
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Figure 114. Landwehrkanal sampling on the 12
th
 of December 2009. Twelve samples were 
collected at the spots indicated by the black spheres on the map, with the respective sample 
number inside. The caffeine concentrations are presented on the graph (reads on the left y-
axis) as well as the carbamazepine (CBZ) ones (reads on the right y-axis). Per spot two 
different samples were collected and the results are represented by Caffeine A and Caffeine 
B in the graph. Remark: The left y-axis (Caffeine) has a different scale than the right one 
(CBZ, carbamazepine) to allow a better comparison between the concentration trends of 
both compounds.  
 
From sample one (1) to sample five (5), alike caffeine concentrations were found in 
all samples. The lower concentrations found in sample six (6) and seven (7) are 
most likely caused by the confluence of the Neukoellner Kanal and the 
Landwehrkanal branch which connects it to the Spree. The Neukoellner kanal (0.30 
m3/s) stream to the Landwehrkanal (1.03 m3/s) as it does the branch (0.73 m3/s) 
connecting it to the Spree (~ 8.16 m3/s at that spot), causing a dilution effect in the 
mentioned sampling spots. Sample nine (9) was collected at the confluence of 
Landwehrkanal and Spree and shows a very interesting result: caffeine 
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concentration is very high while carbamazepine stays steady. These results 
originate another sampling campaign involving the water police of Berlin and such 
results are not presented here.  Near sampling spot 9 very high concentration of 
caffeine where found when compared with the other Spree samples. The area is 
well known by intense after-hours activities with the most popular Berlin techno 
clubs being located directly on the Spree in the area around that sampling spot. 
Additionally, some boats working as restaurants and bars are around the area and 
might as well contribute to these findings. Samples 11 and 12 show already the 
increasing trend on both compounds (caffeine and carbamazepine) concentration 
caused by the Teltowkanal stream (3.00 m3/s) into the Neukoellner Kanal (0.30 
m3/s).  
 
The question whether there are non-declared wastewater discharge into the 
Landwehrkanal or some leakage in the combined wastewater system is still to be 
answered. But what is clear from the results is that from one day to another, or 
even from the morning to the night, the Landwehrkanal can show a completely 
different level of contamination and caffeine is a very helpful indicator of it.  
 
A curiosity: Although no statistical significant differences exist between the days, Tuesday 
was the day with the highest caffeine mean concentration (0.73 ± 0.34 µg/L) and Sunday 
with the lowest (0.60 ± 0.36 µg/L). This can easily be explain by some consumption habits, 
being Monday a day where people probably ingest more caffeine-containing beverages than 
they do on Saturdays.  
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11.2. Drinking water  
 
Several drinking water samples (33) were collected in different neighbourhoods in 
Berlin: one sample from Adlershof, Altglienicke, Charlottenburg, Koenigs 
Wusterhausen, Marzahn, Mitte, Neukoeln, Pankow, Reinickendorf, Rudow, 
Spandau, Steglitz, Tempelhof, Treptower Park, Zehlendorf; two samples from 
Koepenick, Schoeneberg, Wedding; and three samples from Prenzlauer Berg, 
Kreuzberg, Friedrichshain and Lichtenberg. The samples were collected by co-
workers of the BAM on the 25th of November 2009 and analysed the next day. 
Caffeine was under the 0.005 µg/L in most of the samples except the ones from 
Kreuzberg (0.016 µg/L ± 0.008; 0.012 µg/L ± 0.004; 0.026 µg/L ± 0.008), Tempelhof 
(0.018 µg/L ± 0.008), Neukoelln (0.013 µg/L ± 0.003), Schoeneberg (0.009 µg/L ± 
0.004), Wedding (0.016 µg/L ± 0.008) and Koenigs Wusterhausen (0.056 µg/L ± 
0.009). The drinking water distributed to the neighbourhoods of Kreuzberg, 
Tempelhof, Neukoeln and Schoenberg has the same origin, which justifies similar 
concentration of caffeine in drinking water. The same is valid for Wedding which is 
supplied by the water from Tegeler See. Koenigs Wusterhausen receives waters 
from a treatment plant on the Mueggelsee. 
The samples were analysed in triplicate and on two different days. Nevertheless the 
results should be regarded with care as just one sample per spot was taken and 
further samplings are needed to conclude about the presence of caffeine in Berlin 
drinking waters.  
Several drinking water samples from the BAM tap (Adlershof) were collected in 
different dates along 2008 and 2009, none of them ever testing positive for caffeine.  
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12. Conclusions and outlook  
12.1. Conclusions  
 
Caffeine and coprostanol were quantified in several water samples in Berlin. 
Analytical methods for caffeine quantitation are widely available but none has the 
high-throughput, cost-effectiveness and sensitivity of the new developed 
immunoassay.  
 
The new caffeine immunoassay was established using a commercial monoclonal 
antibody and a de novo synthesised tracer. Sixty-six samples can be analysed per 
plate within 2 hours, making the assay suitable for high-throughput routine caffeine 
screening. A LOD of 0.001 µg/L could be experimentally verified and concentrations 
above 0.025 µg/L (LOQ) can be quantified with a relative concentration error below 
20%.  
The high selectivity of the chosen antibody allowed caffeine quantitation not only in 
surface water samples but also in several beverages, shampoos, caffeine tablets, 
and human saliva. The antibody’s low cross-reactivity towards caffeine’s major 
metabolite, paraxanthine (0.08%), concedes for further uses of the assay, 
particularly as a tool for single-point caffeine measurements in clinical chemistry, 
doping control, veterinary medicine and cognitive studies. 
The coupling ratio of the enzyme tracer was studied in detail and it was shown that 
it plays a minor role on the overall sensitivity of the assay. More systematic studies 
are needed to draw a definite conclusion regarding the influence of the tracer 
coupling ratios in hapten-based immunoassays.   
Matrix effects, mainly caused by calcium concentration variability and salinity 
differences, could be minimised by using a high salinity buffer with an electric 
conductivity of around 15 mS/cm. When selecting an appropriate assay buffer, the 
analyte matrix should be the major concern. In the case of surface waters, buffers 
with high salinity are strongly recommended in order to counterbalance salinity 
differences between samples, which hinder the sample-to-sample repeatability and 
deleteriously affect the accuracy of the assay.   
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Splitting the assay into two short calibration ranges ensured higher precision for 
both of them, when compared with the classic logarithmic spacing between 
standards, usually used for immunoassays. Moreover, extending this practice of 
reducing the calibration range is very likely to increase accuracy in immunoassays 
used in environmental chemistry.   
 
Contrary to caffeine, anti-coprostanol antibodies are neither commercially available 
nor described in scientific literature. Attempts to obtain an anti-coprostanol 
monoclonal antibody were made, with relevant conclusions coming out of the 
immunization process as well as the hybridoma screening method. 
As hypothesised, the C3-hydroxyl group in stanol-related compounds was essential 
for the antibody recognition. Therefore, future strategies for raising antibodies 
against such molecules should leave free the C3-hydroxyl group in the final 
immunogen. Within the timeline of this thesis, similar results were obtained by 
others using a similar hapten – lithocholic acid, corroborating this statement.[229] The 
side chain on C17 should not, however, be neglected. The polyclonal antiserum 
showed clearly a difference between coprostanol and isolithocholic acid recognition 
by the antibodies. 
Although isolithocholic acid is an endogenous molecule (self), it induced a strong 
secondary immune response in mice. The first polyclonal antiserum against 
isolithocholic was obtained and it showed very low cross-reactivities against its 
isomer lithocholic acid. Lithocholic acid was recently recognised as a key 
compound involved in colon cancer.cancer.[371] Clinical data for its isomer 
isolithocholic acid are still to be produced. Should an assay be required in the near 
future, the obtained polyclonal serum could possibly serve the purpose. 
An unexpected finding of this thesis is that the immune response in a mouse could 
be monitored non-invasively by using the animal faeces. Aqueous extracts of 
mouse faeces provided equivalent results to the ones obtained from serum 
samples, except for the absolute IgG titre. Collecting faeces instead of sampling 
blood allows for a daily monitoring of the immunization progress in mice without 
hurting or even touching the animals. In the 3R concept (replacement, reduction, 
refinement) of animal protection,[347,348] this represents a “refinement” with the 
potential to improve laboratory animal welfare considerably. 
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A chromatographic reference method was also developed for coprostanol and 
structurally related compounds in water samples. The ionisation of coprostanol was 
possible by using Atmospheric Pressure Chemical Ionisation (APCI) prior to mass 
spectrometric detection. Coprostanol could be quantified in surface water samples 
above 0.1 µg/L and after a sample concentration step. The samples were 
concentrated using a simple and inexpensive developed method: dispersive-liquid-
liquid microextraction. Being a liquid-liquid based extraction, samples did not need 
to be previously filtered, which is a significant advantage for non-polar compounds 
like coprostanol, known to adsorb to particulate and colloidal matter. Furthermore, 
the method could easily be extended to coprostanol extraction in sediment and 
soils, a common application that still lacks a straightforward extraction method.  
 
The results of the surface water’s monitoring campaigns showed a very broad 
range of analytes’ concentration. Their values varied from day to day and even 
according to the time of the day at which the sample were collected (morning or 
evening). Climate conditions, mainly rainfall, also had an influence on the 
contamination status of surface waters, thus stressing the need to use on-line 
sensors for continuous measurements. The proposed caffeine immunoassay has a 
great potential to construct a prospective on-line immunosensor.  
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12.2. Outlook  
 
Future strategies for coprostanol in vivo immunization should consider 1) the use of 
a completely new (synthetic) hapten, containing the same side chain; or 2) 
immunizations using a liposome-based formulation. This last option seems indeed 
very promising: past immunizations using cholesterol liposomes (containing lipid A) 
proved very successful in murine models.[214] In addition, there is no need to look for 
a mimetic hapten, since coprostanol can be directly incorporated in the liposome. 
 
Methods for high-throughput screening of hybridomas are needed. The available 
methodologies are labour-intensive, time-consuming, costly, have low sensitivity 
and high risks of losing the desired hybridoma-secreting clone. The screening is 
indeed one of the recognised process bottlenecks together with the cell fusion 
technology from the 1970s.[234] Could not B cells be immortalised by other means 
than somatic fusion? Some viruses and parasites are known for effectively invading 
immune cells and to put their cell machinery working ad aeternum.[372] The parasite 
Theileria parva has been recognised to grant quasi immortality to mast cells.[373,374] 








  255 
13. Appendices  
13.1. Appendix I – Detailed mechanism of the conjugation 
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1. DCC (N,N'-dicyclohexylcarbodiimide) reacts with the hapten carboxylic acid groups to 
form a carboxylate anion by proton transfer to the nitrogen of DCC; 2. The carboylate anion 
adds to the protonated DCC forming an active ester. This active ester is very unstable and 
can originate several products, including the original acid when water is present; 3. a non-
reactive N-acylurea or even react with another hapten carboxylic group to give an acid 
anhydride which can react further to give the desired amide (not shown). 4. The carboxyl 
carbon of the active ester will then be attack by the nucleophile nitrogen from a lysine 
residue of the protein producing the covalent bond 5. between the hapten and the protein 
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13.2. Appendix II –  A brief Immunological Glossary 
Adapted from several textbooks[163,194,196,199,202,375] 
 
Adjuvant – a substance that non-specifically enhances the immune response to an antigen.  
Affinity – a measure of the binding strength between an antigenic determinant (epitope) 
and its antibody binding side. The stronger the binding, the higher the affinity. Antibodies 
produced in a secondary (memory) immune response usually present higher affinities than 
those of the primary response. 
Affinity maturation – the increase in average antibody affinity frequently seen during a 
secondary immune response.  
Allelic exclusion – occurs when the use of a gene from the maternal or paternal 
chromosome prevents the use of the other. This phenomenon is observed with antibody and 
T cell receptor genes. 
Antibody – a molecule produced in response to antigen that combines specifically with the 
antigen that induced its formation. 
Antigen – a molecule that generates an immunological response and reacts with antibody 
and the specific receptor on T and B cells 
Antigen presentation – the process by which certain cells in the body (antigen-presenting 
cells) express antigen on their cell surfaces in a form recognizable by lymphocytes. 
Antigen processing – the conversion of an antigen into a form in which it can be recognise 
by lymphocytes. 
Autoimmunity – immune recognition and reaction against the individual’s own cells/tissues.  
Avidity – the functional combining strength of an antibody with its antigen related to both 
the affinity of the reaction between the epitopes and paratopes, and the valences of the 
antibody and antigen. 
B cells – lymphocytes that develop in the bone marrow in adults and produce antibodies.  
C domains – the constant domains of antibody and the T cell receptor. These domains do 
not contribute to the antigen binding. 
Carrier – an immunogenic molecule or part of a molecule that is recognised by T cells in an 
antibody response. It is usually used coupled to hapten to induce immune response toward 
the hapten.  
Central lymphoid organs – lymphoid organs primarily involved in the production and 
maturation of immune cells. They include the bone marrow and the thymus.  
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Clonal deletion – the loss of lymphocytes of a particular specificity due mainly to contact 
with self-antigens. 
Clone – a group of genetically identical cells or organisms descended from a single 
common ancestor.  
Clone selection principal – the prevalent theory stating that the specificity and diversity of 
an immune response are the result of selection by antigen of specifically reactive clones 
from a large repertoire of preformed lymphocytes, each with individual specificities.  
 Conjugate – A reagent that is formed by covalently coupling two molecules together, such 
as a hapten coupled to a carrier protein as BSA. 
Constant regions – The relatively invariable part of immunoglobulin heavy and light chains. 
Cross-reactivity – the ability of an antibody, specific for one antigen, to react with a slightly 
different antigen.  
Epitope – the part of an antigen that contacts the antigen binding site of an antibody 
(paratope). Small molecules (haptens) are believed to have a single epitope.  
Fab – the part of an antibody molecule that contains the antigen-combining site consisting 
of light chain and part of the heavy chain; it is produced by enzymatic digestion with papain, 
which cuts at the hinge region.  
Fc – the portion of an antibody that is responsible for binding to antibody receptor in cells 
and activation of the complement (in vivo) and binding to the microtitre plate in 
immunoassays.  
Freund’s adjuvant – is a non-specific stimulator of the immune response. When mixed with 
an antigen it helps to deposit or sequester the injected material. It causes a dramatic 
increase in the resultant antibody response. Freund’s Complete Adjuvant is a water-in-oil 
emulsion and killed mycobacteria, used for initial injections of antigen into animals to 
enhance the immune response, while the incomplete adjuvant does not contain 
mycobacteria, and is used for further boosts.  
Hapten – a small molecule that can act as an epitope, but is incapable by itself of eliciting 
an antibody response unless bound to a carrier protein or large antigenic molecule. 
Hybridoma – cell line created in vitro by fusing two different cell types, usually lymphocytes 
with a tumour cell. 
Hypervariable region – the most variable areas of the V domain of immunoglobulins. 
These regions are clustered at the distal portion of the V domain and contribute to the 
antigen-binding site.  
Immunogenic – having the ability to evoke B cell and/or T cell mediated immune reaction.  
Immunoglobulins – the serum antibodies, including IgG, IgM, IgA, IgE and IgD. 
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Induced fit – a description of the way in which an antigen can alter the normal tertiary 
structure of the binding site on a receptor following binding, by displacing amino acids. 
 Lipid A – is a lipid component of an endotoxin held responsible for toxicity of Gram-
negative bacteria. It is used as an adjuvant in immunizations, mostly in liposome-based 
formulations. 
Lysosyme – an enzyme secreted by mononuclear phagocytes that hydrolyses bonds 
present in bacterial cells walls. 
Macrophage – a large and versatile immune cell derived from monocytes, which is 
responsible for phagocytosis of microbes and immuno-complexes.  
Myeloma – a lymphoma produced from cells of the B cell lineage that can invade the bone. 
Paratope – the antibody binding site where the antigen binds. It is the antibody-combining 
site to the antigen epitope.  
Plasma cell – an antibody-producing B cell that has reached the end of its differentiation 
pathway.  
Primary lymphoid tissues – lymphoid organs in which lymphocytes complete their initial 
maturation steps; they include the foetal liver, adult bone marrow and thymus.  
Primary response – the immune response (cellular or humoral) following an initial 
encounter with a particular antigen.  
Recombination – a process by which genetic information is rearranged during meiosis; this 
process also occurs during the somatic rearrangements of DNS that occur in the formation 
of genes encoding antibody molecules and T cell receptors.  
Repertoire – set of cells or molecules in the immune systems.  
Secondary Lymphoid organs – organs where the immune cells interact with the antigenic 
stimulus, thus initiating adaptive immune responses (e.g. tonsils, spleen, lymphoid nodules, 
digestive system).  
Secondary response – the immune response that follow a second or subsequent 
encounter with a particular antigen.  
Somatic mutation – a process occurring during B cell maturation and affecting the antibody 
gene region that permits refinement of antibody specificity.  
T cells – lymphocytes that differentiate primary in the thymus and are central to the control 
and development of immune responses.  
Tolerance – a state of specific immunological unresponsiveness. 
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